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ERRATA. 
Page 2, line 28, 


r root read real root. 
square read square root. 
v7 e [een Ge ay ee 
- X + read: X 
oN OTeEGL EN oy 
* com. div. read greatest com. div. 
dele Tischendorf. 


for (yz+yu+zu) read (yz+yu-+zu)’ 
for (y’+z°+u’) read (y’+z2°+u°)? 

for pairs read groups. 
for (—a—B) read —(a—B.) 
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HE following treatise is designed to present, as suc- 

cinctly as is consistent with a due presentation of the 
subject, the general theory of algebraical equations, while 
special attention is given to the analysis and solution of 
equations with numerical coefficients. | 

The work may be regarded as a complement to the more 
advanced treatises on algebra, in which the general theory 
of equations, if discussed at all, is necessarily compressed 
into a space altogether inadequate to a satisfactory exposition 
of this important branch of mathematical study. In order 
to preserve this character of the work as a sequel to ordinary 
algebra, algebraical methods have been carefully adhered to 
throughout, except in a few articles, in which trigonometrical 
expressions have unavoidably been introduced, ‘The treatise 
may therefore be easily read by those who have passed through 
the usual course in algebra. 

The work had its first inception in some vain attempts at 
so modifying Sturm’s Method as to lessen the great labor 
attending an analysis by that method of most equations of 
above the fourth degree. Becoming convinced that, from the 
nature of the case, no such modification is possible that does 
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not impair the certainty which constitutes the chief excellency 
of the method, the author turned his attention to an investi- 
gation of the possibility of a satisfactory analysis by means of 
Fourier’s Theorem. ‘This he soon saw could be effected if, 
by any means, the presence of imaginary roots in a given 
interval could be readily ascertained. The results of this 
investigation are given (Chap. X) in a method of analysis 
based upon Fourier’s Theorem, a method that possesses the 
merit of at least great facility as compared with that of 
Sturm. 

The method involves, however, an extension of the applica- 
tion of Horner’s Method, especially a generalization of the 
principle of trial divisors, not given in the great majority of 
treatises upon equations. This first suggested the idea of 
writing a short account of Horners Method in which its 
capabilities should be fully exhibited, with the method of 
analysis based on that method in conjunction wita Fourier’s 
Theorem. A natural extension of that idea led to the present 
treatise, the first upon this subject that, as far as the author 
has been able to ascertain, has been published in the United 
States. 

The treatise, though kept within its present dimensions by 
the exclusion of much that had been prepared, will be found 
to contain all the propositions generally given in an elemen- 
tary treatise upon this subject, with a few exceptions. Thus 
Newton’s method of approximation, and that of Lagrange, 
have been excluded, as being entirely superseded by that of 
Horner, to which, even in the most favorable cases, they are 
inferior in symmetry, compactness, and facility. The theory 
of determinants has not been introduced, on the ground that 
a suitable account would require to itself a volume of the 
dimensions of the present treatise. The student desirous of 
information upon the foregoing and other omitted topics may 
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consult Todhunter’s excellent treatise, the best, upon the 
whole, with which the author is acquainted. 

On account of the interest naturally attaching to the sub- 
ject, the algebraical solution of equations has (Chap. VII) 
been treated of at some length. In Art. 121, 133-146, are 
given some results that may be found of interest, and which, 
it is believed, are now published for the first time. 

A chapter (VIII) has been devoted to Sturm’s Theorem, 
thus enabling the student to form for himself a clear estimate 
of the peculiar excellencies and disadvantages of the method 
of analysis based upon that theorem, and to institute a fair 
comparison between it and the method explained in Chap. X. 

A short chapter on cubic equations has been inserted, in 
which a method of procedure is given that relieves the solu- 
tion of the cubic from much of its tentative character, and 
reduces the arithmetical labor to a minimum. 

To render the treatise more convenient for the work of the 
class-room, the subject-matter has been thrown, as far as pos- 
sible, into the form of propositions with their dependent 
corollaries. 'The number of exercises given will, it is hoped, 
be found sufficient in number to illustrate every part of the 
subject and not so difficult as to needlessly consume time. 


JOHN MACNIE., 
NEWBURGH, August, 1875. 
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THEORY AND SOLUTION 


OF 


ALGEBRAICAL EQUATIONS. 


INTRODUCTION. 


1. Algebraical equations of the first and second degrees are 
generally fully treated of in, elementary works, on algebra.; 
the student may therefore be supposed to have a knowledge 
of the subject so far, and to be acquainted with the meaning 
of the terms, equation, root, member, &c. The present treatise 
will be devoted to a discussion of the general theory of alge- 
braical equations, and the methods of solution for equations 
of the third and higher degrees, sometimes called the Higher 
Equations. 

We shall generally express an equation of the n™ degree 
under the form, 


Oe +O 1V4 +... 2 O8+4+024+%=9, 


in which C’,, the coefficient of the +” power of.2, is a known 
quantity, positive, negative, or zero. The final term, C), which 
may be regarded as the coefficient of 2°, is frequently called 
the absolute or independent term. : 

The equation is said to be complete when it contains all 
the powers of z from 2” to x, otherwise it is incomplete. 

When x, the exponent of the highest power of z, is a 
positive integer, the equation is said to be rational and inte- 
gral, that is, z does not occur with fractional or negative 
exponents. 


wo 
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Thus, 52° + 1725 — 392° + 1062? — 584 — 17 = 0 
is a rational integral equation ; while | 
a — 2308 + 52 + 628 —%7= Q, 
or a — 234/x' + 5a8 + 61/2? — 7 = 0, 


is an irrational equation; and 


tat — 302 + 9a + 1382-4 4-8 = 0, 


is both irrational and fractional. 

Since irrational and fractional equations may always be 
reduced to a rational and integral form (see Art. 57), the 
equations treated of in this work will always be supposed to be 
rational and integral. 

By dividing both members of an equation by the coefficient 
of the highest power of z, we obtain it under the form, 


e+ Oded. 20. 2 Oe Ce Op 0; 


a form which will sometimes be found advantageous when 
enunciating some of the properties of equations. 


2. Any quantity, real or imaginary, which, when substi- 
tuted for x in the expression, 


Cv + Ca++ .... 404+ G2%+Q, 
causes the whole to become zero, is said to be a root of the 
equation, 

Coe + Oye 20. Ce Ae 2 ae 


The solution of an equation consists in the determination 
of these roots. 
We know that for the quadratic equation, 


C, 2" + C2 + Q =— 0, 
the roots are expressed by the formula, 
~2=4(-Qt /C2—40,C)). 


This formula contains the algebraical solution of the equa- 
tion of the second degree, in terms of the general symbols 
O,, Cy, Cy. The numerical solution of any given equation 
of that degree we may obtain by substituting in the formula 


INTRODUCTION. 3 


the known values of the coefficients. ‘T’o obtain for the higher 
equations similar formulas, expressing the roots in terms of the 
coefficients, was long considered the most important problem 
in algebra. But, as will hereafter be seen, no such formula 
has been found for equations beyond the fourth degree, and 
even those that have been obtained for the cubic and bi- 
quadratic are not always available for purposes of numerical 
computation. 

Yet, though the search for general formulas, to express the * 
roots of equations of the fifth and higher degrees, has been 
entirely unsuccessful, we are in possession of methods by which 
we can obtain exactly, when commensurable, or approximate to 
when incommensurable, any root of a numerical equation, that 
is, of an equation having its coefficients known numbers. 
These methods depend on the general properties of equations, 
which we shall first demonstrate as a necessary preliminary to 
the study of methods of numerical solution. 


3. An algebraical expression involving z is often conven- 
iently referred to as a function of 2, which may be defined as 
follows : 

A Function of x is an expression that depends for its 
value on 2. 

Thus, 2, 1/2, av+ be +c, 5a4— tx + 32, are functions 
of z, since their values depend on that of 2. 

The symbol for a function is one of the letters /, F, ¢, &c., 
prefixed to the symbol of the variable quantity. Thus, f(2), 
F(x), fi(z), o(z), f(y), f(~+y), &c., may be used to repre- 
sent any expression involving x or y, or both 2 and y, it 
being of course understood that, in the same. investigation, 
a particular symbol, f(z) for example, shall always denote 
the same expression: thus, if 


Gt) hadi — 323 + 22? +1, then 
Saas bas — 3a + 2a? + 1, 

f(0) =0 oat} +0 +11, 
mel) - Seb pete a 4+1—65, 


ff (—2) = 5 x (—2)4— 3 x (—2)8+ 2x (—2yPr+1= 
ial ts 0 xeee 8 are 2 88 8d, 
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that is, if f(x) denote a certain expression involving 2, then 
f(a), f(9), (8), &e., denote the same expression, or its 
numerical value, when a, 0, 3, &c., are substituted for z. 


4. The symbols, f\(z), f(z), . . - fi(x), &e., are often em- 
ployed to denote functions derived from a primitive function, 
f(z), according to some given law: thus, if 


f(z) = Gat+ Ga+ Q2+ Gx2+ GQ, then 
fi(z) = 40,03 + 30,2? 4+ 20,2 4+ C4, 

fi(z) = 4:3 Cia? 4+ 3°2°Ga2 + 20, 

f(a) = 4:3°2°Cie + 3°2°CG;, 

f(a) = 4 3°2- Cg. 


In this example the law of derivation is that each function, 
after the first, is derived from that preceding, by multiplying 
each term by the exponent of x in that term, and then dimin- 
ishing that exponent by unity. When derived functions are 
mentioned, it is generally functions derived from a primitive 
function, f(x), according to the foregoing law, that are meant. 
The function denoted by /4(z) is called the first derived fune- 
tion of f(x); fo(x), again, which is the first derived function 
of f(z), is the sccond derived function of f(x), and so on, 
. f,(@) denoting the r” derived function of f(x). When f(a) 
is of 2 dimensions, there may evidently be » derived functions. 
The n derived function f,(z), though independent of 2, may 
for convenience be included among the derived functions, as 
being derived from f(x) by a repetition of the process by 
which the preceding functions were obtained. 


EAERCIS Eis; 


Write out the derived functions of each of the following 
functions; and find the values of f(0), f(1), f(2), f(3). 


1. of (2) at a8 Bot 102 3. 
2. f(x) = 3a7 + 1304 — 828 + 18. 
3. f(z) = w — 1324 + 2928 — 5202 — 16. 
Af (2) 08 — Bal a? — 6 ee 
5. Find the r derived function of 
OR ate il ORG gee ee MR Ba ERO PA kL « 
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CHAPTER I. 


FUNDAMENTAL PROPERTIES OF EQUATIONS, INDEPENDENT OF 
THE PRINCIPLE THAT EVERY EQUATION HAS A ROOT. 


5. The most fundamental proposition respecting equations 
is that proved by Cauchy’s Theorem, Chap. II, namely, that 
every equation has a root. Some important propositions may, 
however, be proved independently of that theorem; and 
others, again, are necessary as an introduction to it. These 
form the subject of the present chapter. 


enor f (7) —= Oya Cat!) +. Oa 
+CQa+ CQ), be a rational integral function of x, then any 
term C'.2", that occurs, may be made to contain the sum of ail 
the terms that follow it, as often as we please, by taking «x 
large enough. 

Let & be the numerical value of the greatest coefficient that 
follows C., the sum of all the terms, C,, 771+ C,.2@" 7+ 2... 
Cia + Cy, that follow C..2’, cannot be greater than 


het ae ae + BP) 
that is, than & a The quotient of C2" by this is 


O.(e—1)z" — O,(a—1) 

ee), > F(z) - 
may be made as great as we please, and the denominator as 
near to & as we please, by taking z large enough. 











The numerator of this expression 


Cor. 1.—By putting 7 = + the function becomes 


aC, i Cant Eo ey afar Ee Cy"), 


in which any term may, as above shown, be made to contain, 
as often as we please, the sum of all the terms that precede it, 
by taking 7 great enough, that is, by taking 2 small enough. 
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Cor. 2.—When z is large, the term in f(«) containing the 
highest power of x is the most important, and vice versa. 


Ex.— If f(z) = 32 —'%g8 — bets Psy) ee 
then f(10) = 38 x10'— 7x 10— 5 x 108+ 8x 104 11, 


in which the first term greatly exceeds the sum of all the 
remaining terms in value; and in 


S Gis) = 3 o)* — 7Go)® — 5 GO)? + 8 (5) +14 


the last term exceeds the sum of all the preceding terms. 


% Prop. I.—7Zo determine the form that f(x) assumes 
when x + y is put for x, that ts, when x is increased or dimin- 
ished by any quantity y. Let 
Py (eee a= tae ole ee eae +C\x+ Q; then 
f(t+yHGiery)" + Caer yy +. Clery? t+ G(e+y) + O. 

Expanding the different powers of z + y in this series, by 
means of the Binomial Theorem, and arranging the result 
according to ascending powers of y, we obtain, 


f(@+y) = Cet GQiaevt+.... Gv’+Qa+GQ 


+y nO,2' + (n—1)0,.2"? | 
+ (n—2)C,.2"F +.... Ci} 


fees n(n—1)C,, 2" 


e + (n—1) (n—2)C,12"% +. 20,1 
+ E fn(w—1) (n—2)C, x" 

Ep + (n-1)(m—-2)(n-3) C,- w+. .3°2: Oh 
+ 


well ; n(n—1)...(n—r+1)C, 2" 
vie +(n-1)(n-2). .(n- al ce L 


CU eG ar ae 
y" 
+ yee. 
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Thus we see that the development of f(~+y) is a series 
of the form, 


Yel 


where P, Q, R, &c., represent the compound coefficients above, 
and are all functions of 2. 

The first of the coefficients P, is evidently the original 
function f(x). The second coefficient Q, is derived from /’ 
by multiplying each term in P by the exponent of x in that 
term, and then diminishing the exponent by unity, that is 
(Art. 4), Q is the first derived function of f(z), which we 
denote by f\(z). &, in like manner, is the second derived 
function /2(z), S is the third derived function f;(«), and so on, 


f,(z) being the coefficient of 


Employing this notation, we have, 
af? r n 
FO+) =fO+A@OYAAO E+ LO + LO 
where = fnr(v) is evidently C,,. 

By the student acquainted with the Differential Calculus, 
this expression for f(w+y) will be recognized as a particular 
application of Taylor’s Theorem. 

8. Prop. II.— Jf in the function, 

F(@) = Gar + Caer + ow. GP4+ QAze4+Q, 


x vary continuously from a to b, then will f(x) vary contin- 
uously.from f(a) to f (0d). 


For let ¢ be any value given to z between a and 8, then 
f(e) will be the corresponding value of f(z). Let e+h 
be another value of z, then, Prop. I, 

he Ar hn 
Fleth) =f(O+Aleatfe Orca» a Sey + f,(¢)—. 


|72 


Now, Prop. I, Cor. 1, by taking / small enough, the first 
term of the above series, after f(c), that does not vanish, may 
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be made to contain the terms that follow it, as often as we 
please, and this term itself may be made as small as we please ; 
that is, f(¢ + h) may be made to differ from f(c) by a quan- 
tity as small as we please. 

Hence, if in a function f(z), 2 be supposed to pass in suc- 
cession through all the values from a to 0, the function will 
also pass through all the values from f(a) to f(d), seeing that 
whatever intermediate value f(c) it may have, we may find 
another as near to it as we please by making a suitable change 
in the value of z For example, 


Let f(z) = a—182® +1012 —180, 
then f(1) = 1 —18 + 101 — 180 = — 96, 
f(10) = 10? — 18 x10? + 101 x10 —180 = 80. 


Here we see that for 2 = 1, the value of the function is 
— 96; for z = 10, the value is 30. What the proposition 
asserts is that the function may be made to pass through all 
the values between — 96 and 30, by giving to @ all the values 
between 1 and 10. It is not asserted that the function is al- 
ways increasing in this interval. In point of fact, this particu- 
lar function will, on trial, be found to be sometimes increasing, 
and sometimes decreasing, between the limits — 96 and 30. 


9, Prop. IV.—Jf 2n the equation, 
f(z) = OQn"+ Gimt+....Q¢e?+Q2+Q=od, 


two numbers, separately substituted for x, give resulis with 
contrary signs, one root, at least, of the equation must Lie 
between these numbers. 


Let a and b denote the numbers. Then, since, by suppo- 
sition, f(a) and f(d) have contrary signs, and, Prop. III, as 2 
increases continuously from a to b, f(z) must pass continuously 
through all the values from f(a) to f(d), one of these values 
must be zero, as a series of finite quantities cannot pass from 
one sign to another, without passing through zero. 


10. In the example given in Art. 8, we found f(1) = —96, 
f(10) = 30. By the present theorem, there must be, there- 
fore, at least one root of the equation x? — 182? + 101lz — 180 
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= 0, between 1 and 10; it may be readily ascertained that 
there are three. Again, though for f(1) we obtain — 96, and 
for f(6), the value — 6, we must not conclude that there is 
no root of the equation between 1 and 6; there are in fact 
two. 


11. Prov. V.— Hvery equation of an odd degree has, at 
least, one real root, of a sign contrary to that of the final 
term. 


fame) — C2 Cg" 4+. Oe + Oa t+ = 0, 
suppose 2 to be an odd number. 

When we put 2 = 0, the function reduces to the final 
term (,, and has the sign of that term. By taking @ large 
enough, we may, Prop. I, make the first term C2” greater 
than the sum of all the remaining terms, and the function 
will have the same sign as 2, which sign may be taken contrary 
to that of Ch. 

Since, then, f(0) has the sign of (, and f(a), by taking a 
large enough, and of sign contrary to that of C,, has the con- 
trary sign, there must, Prop. IV, be a real root of f(z) = 0 
between 0, and a, that is, a root of sign contrary to that of the 
final term (). 


Ex: 1. 495 + 2321 — 162° + 84 + 19 =— 0, 
must have, at least, one negative root. 
Ex. 2. at + 1%at — 10523 + 2% — 301 = 0, 
must have, at least, one positive root. 
12. Prop. VI.— Lvery equation of an even degree, having 


the final term negative, has, at least, two real roots, one of 
each sign. 


Let the equation be, 
F(z) — Om + GC. ae sleet al an ated OL 2 + O12 + Ch =n 
When z = 0, the function is negative, by hypothesis, and 
when z is taken large enough, the function is positive, whether 


« is positive or negative, since x" is of even degree. The 
equation has, therefore, at least two roots, one between zero 
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and some positive number, the other between zero and some 
negative number. 


Ex. 528 — 1325 + 23z' + 722° — 192" — 56 = 0, 


must have, at least, two real roots, one positive, and one 
negative. 


13. If we could now prove that every equation of an even 
degree, with its final term poszdive, has a root, we should have 
established the general proposition that every equation has a 
root, the basis upon which the whole of the subsequent theory 
of equations may be established. ‘To know, however, that 
every equation has not necessarily a real root, we-do not 
require to go beyond the lowest of equations of an even 
degree, that is, quadratics, which may not have any real root 
when the final term is positive. The question, accordingly, 
narrows down to this, Have all equations of even degree, with 
the final term positive, roots, if not real, imaginary, similar to 
those obtained for equations of the second degree? The 
investigation of this problem will be given in Chapter II. 
Before proceeding to that part of the subject, we shall prove a 
few propositions which are independent of the results of that 
chapter. 


14, Prop. VII.—Jf a function f(x), and the successive 
quotients arising from the division, be divided by x — a, the 
remainders, in succession, will be f(a), fila), 3 Ja (Qe 
1 a 
in" (2). 


Let the function, which we shall suppose of the n” degree, 
be divided by «—a. As the divisor contains only the first 
power of a, we shall evidently arrive at a remainder independ- 
ent of z, and the quotient, like the dividend, can contain only 
positive integral powers of x Denoting the quotient by Q, 
and the remainder by 7, we have 


f(%) = («#—a)Q+ RB. [1]. 


If Q, which is a function one degree lower than f(z), be in 
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its turn divided by z — a, then, denoting the quotient by ,, 
and the remainder by f,, we have 
Q= Ue—a+ fh. [2]. 
Substituting this value of Q in [1], we obtain 
Sf (@) = Q(a@—a)y + Ry (e—a) + KR. 


By continuing in this manner to divide each successive 
quotient by «—a, and substituting its equivalent for the 
symbol for that quotient in the preceding identity, we evi- 
dently, after divisions, shall obtain as quotient the simple 
factor C;,, the coefficient of the first term of f(z), and have 


f(x) = CG, (a@-a)"+ R,a(a—-a)" + ..R,(x-a)?+ Ri(a-a)+ R. 
In this result, putting y = x — a, we have 
fl(aty = GQythayt+...my+khytRh. [3]. 


Now, by Art. 7, we have, writing the terms in reverse order, 


if (@a+y)= Cy" ag ln: ae (a)y" ae We = fx(a)y? +f (a)y 
+f(2) [4] 
As the coefficients of equal powers of y in these identities 
must be equal, we find 


R=f(a), =a), Raa Fla) mR eres pra 


that is, the successive remainders arising from the division 
by «—a of f(x), and the successive quotients, will be, first, 
f (a), the value of the function when a is put for x; second, 
fila), the value of the first derived function of f(x), when 
a is put for x, and so on. 


15. Cor. 1.—A function, f(x), is exactly divisible by 
%4—a, if ais a root of f(z) = 0; for then f(a) = 0. 


16. Cor. 2.— Conversely, if f(x) is exactly divisible by 
a—a, then a is a root of the equation f(x) = 0; 4. @, 


f(a) 0), 
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1%. In the next proposition will be given a convenient 
process for finding the successive quotients and remainders 
without actual division. Yet as this proposition is of con- 
siderable practical importance, being the basis of Horner’s 
Method, the student would do well to work one or two exam- 
ples by dividing in the usual way, and compare the successive 
remainders with the results obtained by actual substitution in 
the primitive and derived functions. 

Thus suppose we take the function, 


f(z) = 38% — 1324 — 21a8 + 102? + 91x 4+ 425, 
then, fi(z) = 1524-228 hae 20 


gfe 3028 — 782? — 63x + 10, 


5 f(a) =a) BO bel eee 


iz ba) aioe eae 


1 
pf) = 


If now we divide f(x) by x — 3, we obtain as remainder 
— 103, which is the value of /(3), 7. ¢, of the function when 
3 is put for z If we divide the first quotient by z — 3, we 
obtain as remainder — 605, the value of f((3), and | so on with 
the other remainders. 


EXERCISES. 

18. Prove by division that 
8 isarootof #2— Yar— 32e2 + 1323 
hf. of 495 — Tig a 20a) —— 122 ae 
6 “© €© of 328 — 2548 — 13582? — 1625328 = 0. 


19. Prop. VIII.— 7o find the quotient and remainder 
when f(t) = Gart+O4e3t+....67+4+ G24 G, 
is divided by x — a. 

Supposing the division to be performed till we arrive at a 
remainder independent of 2, and denoting the quotient by @ 
and the remainder by ?, we have 
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f(z) or av +GQ4v3+...G4¢04+ G24 C, 
= (7z—a)Q + kk. [1]. 
By Art. 14, we know that R = f(a), that is, 
wae Oe. Ca Ora + Oy = PR. [2]. 
Subtracting [2] from [1], we have 


C (a —a") + C,4(a"1— a") +... O,(2®?—a*) + Ci(a—aa) 
ass (x—a) 0. ‘ 
The binomials 2"—a", 7” 1—a"", &e., are all divisible by 
x — a, as proved in elementary algebra. LEffecting the di- 
vision, we obtain, 


Ome ee beets ho Oe te aie) 
et (Eo da ge ks 3 ) 
+ C,(x+a) 
+ Orr =~ 9. 


Arranging this result according to powers of x, we have 


G,, an =f ( G. a ae C11) Tete =f (C, a -—- C1 a ay C,-2) ae 
+ (Oa + Oa" Creat O..) 4+.) 
+(C,a1+ Oa +....0,8+ Ga+0,) = Q. 


Thus we find that, in the quotient of f(x) by x —a, the 
coefficient of the first term is C,, and the remaining coefficients 
are formed in succession by multiplying each term in the 
preceding coefficient by a, and then adding in the correspond- 
ing coefficient of f(x). 


20. Upon examining the final coefficient of Q, namely, 


Cert+ O4@7r+....G404+ Ghat cq, 


we see that by applying the process to this coefficient also, 
and adding in (), we obtain 


Cae+O410'4+....Ce0+ Ca+ Qa+Q, 


which, as before shown, is the remainder, f(a). 
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21. By this process the operation of division, so tedious by 
the usual method, is reduced to an operation both simple and 
compact. In practice we proceed as follows: We arrange the 
coefficients of the function to be divided in a horizontal row, 
supplying by zeros the coefficients of any terms that may be 
absent. Supposing z— a to be the divisor, we multiply the 
first coefficient of the function by a, and add in the second ; 
we multiply this result again by a, and add in the third 
coefficient, and so on till we have added in the last coefficient. 
The final result will be the remainder, which, as we have seen, 
is also the value of the function when = a. The preceding 
results will be the coefficients of the quotient, in order, with 
their proper signs. The first coefficient of the function, which 
is also that of the quotient, we supply from the left hand of 
the upper row of coefficients. 


Ex. 1.— Required the quotient and remainder arising from 
the division of 
x’ — 5a® + 192° — 3224 — 6325 + 98a? + 78a + 42 
by the binomial x — 3. 
We proceed as follows: 
1—54+19 — 32 — 63> 198 =273 4. acne 
— 38 — 64.39 + 21 — 126 — 84 — 33 
—24+134 %7—4— 28—114 9. 
Here the quotient is 
xv — 2e° + 1324 + Ta — 42a — 28a — 11, 


and the remainder is 9, which is also the value of the given 
function when 2 = 3. 





Ex. 2.— Required the quotient and remainder arising from 
the division of the function 
5a® — 4662> — 63724! — 76028 — 1422? — 370, 
by the binomial z — 5. 
5+ 0+ 0— 466 — 637 — 760 — 142) 90 ee 
25 + 125 + 625 + 795 + 790 + 150 + 40 + 200 
25 + 125+ 159+ 158+ 30+ 8+ 40—170 
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Here the quotient is 
dat + 2da% + 125a° 4 159z*t + 15825 + 30a? + 8x 4+ 40, 
and the remainder is — 170. 


22. By applying the same process to the first quotient, we 
obtain a second quotient, and a second remainder, which, as 
shown in Art. 14, is the value of f\(v) for = a; from the 
second quotient, in like manner, we obtain a third quotient 
and a third remainder, which is the value of 4f,(z) for x = a, 
and so on. This will be more fully illustrated in Art. 69. 
As the process thus has its most useful application in finding 
the value of a given function for an assigned value of 2, we 
shall give a few 


BA ERCISES: 


Evaluate the following functions: 


1. 2 — Yat + 4308 — 782? + 1032 — 260, for + = 3. 

2. 8x8 + 13825 — 99at — 24723 — 3872? + 1072 + 638, for 
a. A. 

peer — 64627 -- 4062" — 1607 — 121, for=e = 5. 

AD + W325 + 50527 +- 10592 4+- 1875, for z= —2. 

De — o2° + 5494 — 932" + 101, for z« = 11. 
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CHAP TE RY sie: 
IMAGINARY EXPRESSIONS —CAUCHY’S THEOREM. 


23. As before adverted to (13), we need not extend our 
inquiries beyond equations of the second degree to find that it 
cannot be said, generally, that every equation has a real root. 
We find, in fact, that when certain relations exist among the 
coefficients of a quadratic, we obtain as roots, not real quan- 
tities, but expressions of the form a + 6*/—1, in which 0 
is not zero. ‘Though these, when substituted for x in the 
given equation, cause it to vanish, and are thus roots by defi- 
nition (2), yet as they indicate operations to which no arith- 
metical meaning can be attached, they have received the name 
of imaginary, or, perhaps more appropriately, impossible roots. 

We propose in the present chapter to show that every equa- 
tion has a root of the form a + dV —1, in which a and 6 
are real quantities, positive, negative, or zero. When 0 is zero, 
the root is real, in all other cases imaginary. 





24. Since these imaginary expressions are of constant and 
unavoidable occurrence in the theory of equations, it may be 
found convenient to give a summary of the chief results arising 
from the conventions adopted in regard to them. 


The first convention is that we regard + ~/— a? as equiva- 
lent to + a/ —1, since thus we introduce but one imaginary ~ 
symbol into our investigations, namely ~/—1. The whole 
expression a + b NY ool: consisting of a real part a, and 
another real part 0 affected by the sign of an impossible 
operation, we consider as imaginary on account of the presence 
of this latter part. We also regard such terms as b~/ —1 as 
subject to the ordinary rules that govern algebraical trans- 
formations. 
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25. From these conventions we obtain the following 
results: 


I. The sum or difference of expressions of the form 
eee 4/ — 1, have the same form; thus, 


(a+ bV—1)4+ (a +bV/—1) = 
(a+a’) + (6 +b')V/—1, 
which is of the form A + B\/—1. 
II. The product of expressions of the form A + Bi/—1 is 


of the same form; thus, 
(atbV —1) x (a 40'V —1) = (aa'—20') + (wb +ad')V —1. 
III. The quotient of one expression of the form A+ By —1, 
by another of that form, is still of the same form; thus, 
em lee (GOV — 1) ia eur —1) al 
ato — 1 (tov —1) @ FB'V—1) 
(aa' + bb') + (a'b — ab')V—1 
a? + Ob’ 

















which is still of the given form. 


26. From the result obtained in IJ, we infer that any 
positive integral power of a + b*/—1 is of the same form; 
and may thence infer that if a + 6»/—1 be substituted for x 
in a rational integral function of z, whether the coefficients 
be all real, or any of them imaginary, we shall obtain an ex- 
pression of the form P + Q/—1. 


2'7. Two imaginary expressions a+b1/ —1, and a—bv/ —1, 
which differ only in the sign of the imaginary part, are said to 
be conjugate. 

Hence the sum and the product of two conjugate imaginary 
expressions are real. This we see exemplified in the imagi- 
nary roots, a + b»/—1, and a—bW/—1, of a quadratic, 
their sum 2a, with changed sign, being the coefficient of 2, 
and their product, a + 6, the final term. 
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28. The positive value of the square root of this product, 
that is, a? + 2, is called the modulus of each of the ex- 
pressions a + b4/—1, and a—d/—1. The modulus of a 
real quantity is, by the above definition, the positive value of 
the quantity itself. 

When, for any purpose, we desire to compare imaginary ex- 
pressions with each other or with real quantities in regard to 
magnitude, this can be done only by comparing the moduli 
of the expressions. 





29. In order that an imaginary expression be zero, it is 
necessary and sufficient that its modulus be zero: for in order 
that /a? + 4? may be zero, we must have a = 0, and J = 0. 


30. The product cf two quantities has for modulus the 
product of their moduli; thus, 


(a+bV—I1)\(a +3'V—1) = 
(aa — bb!) + (ay <a oy, 
and the modulus of this is, 
Vv {(aal — bb’? + (ab + ab) = Ve +B) (a? + 0%), 
which is the product of the moduli of the original expressions. 
In a similar manner it may be shown that the modulus of 


the quotient of two quantities, is the quotient of the modulus 
of the dividend by the modulus of the divisor. 


81. If we raise »/—1 to the second power, we obtain —1; 
this multiplied by ~/—1, gives the third power — /—1; 
This again multiplied by ~/— 1, gives the fourth power + 1. 
Upon proceeding to higher powers, we obtain a recurrence 
of the preceding results, »/— 1, —1, —/—1, +1. Every 
whole number must be of one of the four forms, 47, 4r + 1, 
4r + 2, 47 + 3, since, when divided by 4, it must leave as 
remainder, 0, 1, 2, or 3. We have, therefore, all possible 
integral powers of 1/— 1 in the four forms, 


(/ —1)" reat E, (4/—1)*41 — Vk (7) = —l, 
(4/—1)*+8 =_— AV aaa 
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32. In elementary algebra is given the _formula for the 
square of an expression of the form a + b\/—1, 


fat ov=1 = {4(VeTP +a) }F + [VEL Ra) fE/AT. 


From this we may obtain the square roots of -- /—1, by 
putting a=0, b= +1. Thus we obtain 


a reve RV | io em Ase 

Ve fas ews eee 

ae ee v2 
33. Before proceeding to the general proposition that 


every equation has a root, it will be found convenient to 
discuss certain equations of very simple form. 


Prop. I.— Lach of the equations, 
= t+l «= +/7—1, 
has a root, real or imaginary. 


I. a = +1. This equation evidently has a real root, 
whether 2 be an odd or an even number, since z = 1 satis- 
fies it in either case. 


Il. 2 = —1. When ~ is an odd number, this equation 
is obviously satisfied by = —1. 

When # is an even number, it must be of the form 2m; 
that is, we may put the equation under the form 7?” = —1. 
Taking the square root of both members, we obtain 
ee + nf an equation of the forms we are about to 
consider. 


Ill. 2 = + Y—1. When x isan odd number, it must 
be of the form 47+-1, or 4r+3. In the first case, z= +*/—1 


ea tooteeince (31), (-+'4/—1)*) =. + 4/— 1; in the 
second case, x = —“~/—1 is a root, since (— “—1)"*3 
a / — 1, 

When ~ is an even number, it must be either some power 
of 2, or some power of 2 multiplied by an odd number. 
In the first case suppose » = 2”, that is, put the equation 


under the form #2” = +/—1. We can now obtain a 
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value of y by m successive extractions of the square root, 
which (32) will yield a result of the form a+ 6V7—1. In 
the second case suppose 2 = mp, where m is an odd number, 
and p some power of 2. By putting y = xz”, the equation 
may be put under the form y" = + “—1, a root of which, 
as shown above, must be y = + W—1, or 2? = +V7—1, 
the upper sign being taken when m is of the form 4r +4 1, 
the lower when it is of the form 47 + 3. We can now find, 
as above, a root of ? = + /—1, p being a power of 2. 





IV. 2 = —V—1. Proceeding as in III, we find, when 
n is odd, x = —V—1, or + /—1, according as n is of 
the form 4r +1, or 4r+ 8. When 7 is an even number, 
we may put it equal to mp, m being an odd number, and p 
some power of 2, and so find a root of the form a + 6Y—1. 

Thus, in every case, an equation of any of the given forms 
has a root coming under the general form a + b*/—1. 


34. Prop. Il.— Hvery rational integral equation has a 
root of the general form a+bW—1. 


Let f(a) = C2" 4+ GC.at+....467+ 24+ Q, 


in which the coefficients C,, C,1,.-..Ci;, Cy, may be either 
real or imaginary. 

If, in this function, we substitute a + d»/—1 for 2, 
a and 0 being real, we shall obtain (26) a result of the form 
P+ QV/—1, P and Q being real. Now, in order that 
a+ bW—1 may be aroot of f(z) = 0; this result must be 
zero, that is, P and Y must be simultaneously zero, and there- 
fore the modulus ~/ P? + Q? also zero. It is required to show 
that some value of a + 6—1 must exist, for which 
/ P2 + Y becomes zero. . For, if it could not become zero, 
there would be some value below which it could not be dimin- 
ished. But it will be proved that whatever value of 4/P?+ @, 
different from zero, can be obtained, a value still smaller can 
be obtained by making a suitable change in the expression 
that is substituted for 2 in the function. ~/P?+ Q2, there- 
fore, must be capable of becoming zero for some value of 
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a + b*/—1, that is, the function must become zero for some 
value of x. 

Let us suppose that for some assigned value of 2, as 
2=a+bW—1, we obtain 


f(a) = P+ QvV=1. (1] 
in which P and Q are not both zero. 


If we change a+ 0/7—1 to a+bV/—1 +A, that is, 
z to x +h, we have, Art. 7, 


S@+h) =SO)+ Alt [Ot LO Ph 


In [1] we have, for «—a+6V/—1, f(a) = P+QvV-—1; 
for this value of z some of the derived functions f(z), fi/2), 
&c., in [2] may possibly become zero, but they cannot all be- 
come zero, f,(7), at least, which (7) does not contain 2, must 
remain. Suppose h” to be the lowest power of 4 whose co- 
efficient does not vanish in [2]. Having denoted the value 
of f(a) by P + QV—1, so we may put P’+ Q'V/—1 for 
the value of f(z+h), and R + SW—1, in which R and S 
are not both zero, for the value of that derived function which 
is the coefficient of h”. 

Substituting these values in [2], we have, 


P+ QV—1 = (P+ QV—1) + (R+SV—1)i 
-+ terms in h™*', A™?, &e. [8]. 

As we may assign any value we please to 4, we may replace 
it by &t, where & is a real positive quantity, and 7¢ is such 
that (33) ¢” may be +1, or —1, as we choose. Hence we 
can make P’+ Q'o/—1 = (P+QV—1 + (R4+8V—Dkv 
+ terms in higher powers of &/. 

In such an equation the sum of the real terms in one mem- 
ber must be equal to the sum of the real terms in the other, 
and the imaginary terms in the one to the imaginary terms in 
the other : 

P = P - REY Li termsiin t* it, &e: 

= QO + Sk" + terms in h™, kr, &e. 

P?e+ Q? = (P2+ Q@) + 2(PR+ QOS) k” + other 
terms in k™, &. [A]. 
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Now & may be taken so small that (Art. 6, Cor.1) the sum 
of all the terms after P? + Q? will have the same sign as 
2(PR + QS)k”, provided PL + QS be not zero. 

First, supposing PR + QS is not zero, then the sign of 
(P?+ Q')— (P?-+ Q?) is the same as that of + 2(PR+ QS)k", 
when & is taken small enough, and this sign we can always 
make negative by taking ¢ such that ¢™ = —1, when 
PR + QS is positive, and vice versa. We can thus always 
make P?+ Q” less than P? + Q*. 

If PR + QS be zero, then we choose ¢ so as to make nega- 
tive the first term after 2(PR+ QS) k” that does not vanish 
in [4], and as before we obtain (P+ Q*) — (P? 4+ @) =a 
negative quantity, that is, we have VWP*?+Q? < V P24 GQ. 

Thus, whatever be the value of the modulus /P? + Q%, a 
modulus 4/ P? + Q’ of smaller value may be obtained by 
making a suitable change in the expression that is substituted 
for in f(x); there must, therefore, be some expression which, 
substituted for z, will make the modulus zero. 











35. Prop. HI.— The values of a and b in the expression 
‘a+ bW7—1, which, when put for « in f(x), causes it to 
vanish, are finite. 

We may write f(z) as follows: 

n es Cia C; C d 

Substituting a Hast —1 for z in the second member, it 
becomes, 

Gee Fea nd 


C(atoV— aps C.(a+bv/ —1)? 














Cp 
" O(a+bv ct" , 
Selecting any term from the series within the brackets, the 
third, for example, we have, 
C2 ie Club vai 
C(atb/—1P sO (a + BY 


_ Colt) 20 gab V1 
= Ceti C@ta poe oie 
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- In this it is obvious that A and B diminish without limit, 
as a and b increase without limit. Denoting the value of 
f (a), for 2 =a+bV—1, by P+ QV—1; we have 


P+ QV—1 = CatbV—1 {14 44 BV =f, 


in which A’ and 8B’ diminish without limit, as @ and 0 
increase without limit. In the same way we have, for 
f—2-—)/—1, 


etn 1 O(a 6 ty] 1 A RV 1 
Pre —O2(@ +8) {14+ A)2+ Br? f. 


This result increases without limit, when @ and 0 increase 
without limit ; for then the factor (a? + 0*)" increases without 
limit, and the factor § (1+ A’)? + B’?} tends towards unity, 
as A’ and B’ decrease without limit. Thus the modulus 
/ P? + Q2, cannot become zero when a or 8, or both of 
them, are indefinitely great. 








By the present proposition, therefore, in conjunction with 
that of Art. 34, we find that every rational integral equation, 
whether its coefficients be real or imaginary, has a root coming 
under the general form a + &4/—1, where a and @ are finite 
quantities, either, or both, positive, negative, or zero. 

An irrational equation, as, for example, 


A kn me ee 1 8 0; 


may be incapable of being satisfied by any quantity, real or 
imaginary, if we regard the signs of the roots indicated as 
being controlled by the plus and minus signs prefixed. The 
above equation, when rationalized and solved in the usual 
manner, gives  — 5, a value that does not satisfy the pro- 
posed equation, but does satisfy the equation 


A) Gdn A/ ye ele Al 0, 
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CHAPTER ITI. 


GENERAL PROPERTIES OF EQUATIONS, DEPENDENT ON THE 
PRINCIPLE THAT EVERY EQUATION HAS A ROOT. 


36. Prop. I.— Hvery equation has as many rools as it 
has dimensions, and no more. 


Let f(x) = O,2"+O..0+...O02+O24+0,=0, [1] 


be an equation of the n” degree, it has roots, and no more. 
By Art. 34, f(x) = 0 has a root a), real or imaginary, and is 
therefore (15) divisible by x — a,. Hence we may put, 


S(%) = (% — a) $,(2), [2] 


where ¢,(z) is a rational integral function of the (m— 1)” 
degree. If $,(z), again, be equated to zero, it must also have 
some root a, and is, therefore, divisible by 2 — a,, so that we 
have ¢,(x) = x — 2) ,(z), where ¢,(z) is a function of the 
(n — 2)" degree. Substituting this value of @,(z) in [2], we 


have, . 
f(z) = (© —4a@) (& — az) $,(2). [3]. 


In like manner, ¢,(%), equated to zero, has some root as, 
and has, therefore, a binomial divisor (# —a@;), divided by 
which it will yield as quotient a function of the (~—3)” de- | 
gree, which we may denote by ¢;(z) ; we have, therefore, 


f(z) = (e—a) (4—az) (u—ay) (2). [4]. 


It is evident that a continuance of the process will lead 
at last to the simple factor C,, and that there must be 7 bi- 
nomial factors (c—am), (v—a@), . . . (—ad,); therefore 


J (2) = C,(a—m) (a4—ay) (2—a3) . . . (4—,) = 9. 


Hence the equation f(z) = 0 has m roots, since the func. 
tion vanishes when any one of the quantities a, dz, @,... 
@,, 1s put for z. 
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Nor can the equation have more than 2 roots; for when we 
put for « a quantity 6, which is not one of the quantities 
ly, Oz, Az, - ~ + Gry We have 


f(b) = C,(b—a) (b—az) (b—as) . . « (b—a,), 


the second member of which cannot be zero, since none of th 
factors is zero. 


3%. Observe that it is not asserted that the » roots a, a, 
@g,.-.4,, Of an equation of the n” degree are necessarily 
different; some, or all of them, may be equal. What the rea- 
soning shows is that the first member of an equation of the 
n® degree may be resolved into the product of m binomial 
factors, each of which, equated to zero, will furnish a root. 
It is found convenient to say that the equation has as many 
roots as dimensions, without regard to the relative magnitudes 
of the roots. 


38. Cor. 1.—From this proposition it is evident that, when 
a root a, of the equation f(z) = 0 is known, we can obtain 
an equation containing all the remaining roots, by dividing 
f(x) by x—a, and equating the quotient to zero, which 
latter equation is of one degree lower than f(z) = 0. When 
two roots, a and a, are known, we can, by dividing’ f(z) 
successively by (z—a,) and (#—az), or at once by their product, 
obtain a function of zx, two degrees lower than f(x), which 
quotient, equated to zero, will contain all the remaining roots ; 
and similarly for any number of roots. 


Ex. -« — 182*’+- 1014 — 180: = 0 has a root. 2 = 4. 


Dividing by « — 4, we obtain 2? — 14x + 45, which equated 
to zero gives two other roots, 5, and 9. 


39. Cor. 2.—If a rational integral function of 2 of the 
n degree can become zero for more than 7 values of 2, then 
every coefficient in the function must be equal to zero, and 
the function must be zero for any value of 2. 

For, otherwise, the function equated to zero would have 
more than m roots; which, by the present proposition, is 

2 
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impossible, unless the coefficients be each equal to zero; and 
if these coefficients be each zero, the function is evidently 
zero for every value of 2, 


40. Cor. 3.—If f(x) be of the n” degree, it has 
art) factors of the 7” degree. 

For it has been shown that f(z) has x factors of the first 
degree. ‘The product of every two of these simple factors is a 
factor of the second degree; so there must be as many factors 
of the second degree as there are possible combinations of n 
n(n—1) 

aes 
with the 7 simple factors may be formed as many factors of 
7” degree as there are possible combinations of » things taken 
ry at a time, that is, f(x) admits of n(n — 1). ea (nT 
factors of the 7“ degree. These factors, of any degree, will 
not, of course, be all different, unless the simple factors are all 
different. Thus the expression, 


things taken two at a time, that is, In like manner, 





x — 18z? + 10lz — 180 = (x — 9) (x —5) (x — 4) 


may be regarded as the product of three binomial factors, or 
as the product of any one of these factors and a function of 
the second degree produced by the remaining two factors. 


4i. By this proposition we find that every rational integral 
function of x may be regarded as the product of as many hi- 
nomial factors as it has dimensions. But to resolve a given 
function into its component factors, we require to know the 
roots of that function equated to zero, 7. e., the resolution of a 
function of m dimensions into factors, requires the solution of 
an equation of the nu” degree. The converse operation, how- 
ever, of composing a function from given simple elements, or 
constructing an equation that shall have for its roots given 
quantities, is very easily accomplished. The roots %, @, a3, 
&e., being given, we form the binomial factors (ey—a@), (e—@), 
(x—a3), &c., the product of which, equated to zero, 1s the 
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equation required. It is required, for example, to form the 
equation the roots of which shall be, 7, 5, —3, 3+ E93, 
3 —4/ — 2. 


The product of the binomial factors found from these is, 
(w—7) (e—5) (443) (e&—3 4 VW —2) (c—3—V/—2) 
Multiplying out, and equating the result to zero, we have, 
a> — ldat + 6423 + 122? — 6412 + 1155 = 0, 
which is the required equation. 


EXERCISES. 


1. The roots of a! — 23 — 35a? + 1292 — 126 = 0, are 
3, 38, 2, —7; express the first member as the product of 
binomial factors. 

2. The roots of 2° — 62! — 3%23 + 10622 + 4562 + 320 
= 0, are 8, 5, —4, —2, —1; express the first member as 
the product of binomial factors. 

3. Form the equation whose roots are 7%, 4, —11. 

4, Form the equation whose roots are 5, 4, 2, 1. 

5. Form the equation whose roots are 7%, 3, —4, —10. 


6. Form the equation whose roots are 10, 8, 5,and 1+ \/-3. 


42. Prov. Il.—An equation with real coefficients has its 
imaginary roots, if any, in conjugate pairs. 


Let f(z) = Ca" + Qyatt+....G4e27+024+%=90, 


where (,, (,1,...(), are all real, have a root a+ b/W—1, 
then is a— b*/—1 also a root. 

Let a + b*/—1 be substituted for z in the equation, then 
(26) we obtain a result of the form P + Qb~/—1, where 
P and Q contain only even powers of *»/—1. For, when 
an expression (a + 44/—1)”" is expanded by the Binomial 
Theorem, the even powers of 0 Ago} give rise to real quan- 
tities, so that only odd powers of 0 are affected by the symbol 
/—1; and, as the coefficients of f(z) are supposed to be 
real, the symbol 4f—1 cannot occur in f(a+ bal — 1 exe 
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cept with odd powers of 6. Therefore, if P+ Qd oY fee | 
denote the value of f(x) for z + a+ 6/—1, we can obtain 
the value of the same function for a = a—b*/—1 by simply 
changing the sign of 6 in the former result. Thus if 


Pao — 1) ee QbW—1, then 
f(a—bV/—1) = P— Qbv—1. 
But if a+ 0/—1 be a root of the equation f(x) = 0, 
we have he 
P+Q06 View cau), 


and as no part of P can be cancelled by QV — 1, this result 
_requires that P = 0, andalso 9 = 0. Hence, also, 


PP ObN/-— 1b 
that is, a —*/—1 is also a root of f(z) = 


43. Cor. 1.— very function of an even degree may be 
regarded as the product of real quadratic factors, whatever 
be the character of the roots. For if the function, equated to 
zero, have a root a+ b A/ LAS penct being zero, it must also 
haye its conjugate a—0*/—1 asaroot. The function must 
therefore be divisible by (a — a + b/V—1)(4 — a—bV/—1) 
= a —2ax + a? + &, a real quadratic factor. 





44, Cor. 2.— By a course of reasoning similar to that 
employed above, it may be shown that, 7f an equation have a 
root of the form a+b, it must also have a root a—V0. 


EXERCISES. 


1. One’ root of -a* — 272 + 907 — 86 = 0 is 34+-V7 — 
find the remaining roots. 


2. One root of at + 523 — 2527 — 1402 — 26 = 10 is 
—5 + /—1; find the remaining roots. 
3.°-One root of, 624+: 3728 + ‘5322 — 892 — B0y awe 


4 (7 — /—11); find the remaining roots. 
4, One root of 5a4— 328+ 6a2—2+3 = 0 is $(14+ V7 —3); 
find the remaining roots. 
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5. One ‘Toot of, 24 — 4327 — 247 +108 = 0 is 6°6457513 
— 44 4/7; find the remaining roots. 


~45,. Prop. III.— Zo determine the relations that exist 
between the coefficients and the roots of an equation. 


Let f(z) = a4 Ciat+....G4¢7+C%4%+Q= 0. 


It has been proved that if a, a, a,...a,, be the roots 
of f(z) = 0, then 


f(a) = (@—mM) (ez—ap) (1 —3). . . . (4, ). 


By actual multiplication we find 


(ex—M) (@—@,) = BP — (H+Mm)X 4+ 4%, 
(2—a) (—Q2) (V—A3) = 28 — (+424 4s) 2” 
+ (G4 A2+ M4 A3+ Az M3) Z — Az As, 
(—a,) (e—a2) (w—a3) (t@—y) = tt — (Q 4+ H+ + )H 
+ (ha + Ay y+ Oy Ag+ 2 Ay + Az y+ A304) 2 
— (G, Mz Az + Ay Az Ay + My Az Oy + Az 3 Ay) V+ Ay Az Az Ay. 


In these results we observe the following laws to hold: 


I. The number of terms in the product on the right hand 
is greater by one than the number of binomial factors. 


If. The exponent of x diminishes by unity in each term, 
from the first, where it is the same as the number of binomial 
factors, to the last, where it is zero. 


Ill. The coefficient of the first term is unity, that of ‘the 
second term is the sum of the second letters in the binomial 
factors, that of the third term is the sum of the products of 
these letters taken two at a time, that of the fourth term is — 
the sum of the products of these letters taken three at a time, 
and soon; finally, the last term is the product of all these 
letters. 


We now proceed to prove that, if these laws hold good for 
(7—1) factors, they must. hold good for » factors, and thus 
universally. Let us suppose that 


(x—a) (v—az). » «(@—Ap-1) = 1+ Spar? + Mar s+... Sa 
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where S, denotes the sum of the letters —a,,-a),-—a;,...-@,4, 


Ear es « — products of these letters 

two by two, 
ar oe SS Sete co PLO do. three by three, 
6. ae - “product of all the (7-1) letters. 


Multiplying both sides of this identity by another factor 
x—d,, the result will be, 


(t—a) (—adz). oie (x—a,) = ae + Si—a,) gn-l 
ae (S,— 5 Ay) rss -.. —f8,-10". 


Here it is obvious that the first and second laws still hold. 
As regards the coefficients, that of the first term is still unity, 


that of the 2d term, S;—a, —,, —Az, —3,....—Gy 
the sum of all the letters, —a,, 
— Az 5. 2+. — Ay. 

< “« 38d “ 8&-Sia, = 8+ a,(%+d2+03+...+4,) 

= the sum of the products of all 
the letters two by two. 

= 83 — A, (M1 d2+ d2dz+.... ) 

= the sum of the products of all 
the letters three by three. 


a “« nth “ —S8,_1a, = the product of all the letters. 


ll Il 


‘c “ Ath « Sa— S Up 


If, then, these laws hold good for (7—1) factors, we see that 
they hold good for 7 factors. But we know that they hold 
good for four factors; they must, therefore, hold for five factors, 
and so on for any number of factors. 


Therefore, a), @2, 3,....a, being the roots of 


f(a) = e+ C4214 C22"? + ...C,x+ = 0, we have also 


F(a“) = («#—a@) (x—az) (u—)... . .(@—4,) = 0 
= op 8 girl a! Sygate cacy ti Oy 
and equating coefficients of like powers of xz, we have 
C1 = Si, C2 a So’, oe ear C = Dn-1» OQ —= Dae 


that is, the coefficient of the second term is equal to the sum 
of the roots with their signs changed, the coefficient of the third 
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term to the sum of the products of every two of the roots with 
their signs changed, and so on, the coefficient of the rv” term 
being equal to the swum of the products of every (r—1) of the 
roots with their signs changed, the last term being the product 
of them all taken with changed signs. 


We may also enunciate these relations thus: 


— 0._, = sum of the roots; C,. = sum of the products of 
every two of the roots; —C,3 = sum of the products of 
every three of the roots; and generally (—1)’C,_, = sum of 
the products of every 7 of the roots. 


4.6. It is obvious that if the coefficient of the first term be 
other than unity, we must take the other coefficients divided 
by that leading coefficient when we wish to obtain the sum of 
the roots, &c. 


437, As these relations between the roots and coefficients 
furnish 2 independent equations involving the roots, it might 
naturally be supposed that by eliminating » —1 of the roots 
we should obtain an equation from which to determine the 
remaining root. By performing the elimination, we do, in 
fact, obtain such an equation, but find that we have merely 
reproduced the original equation with another symbol for the 
unknown quantity. 

Let a, b, c, for example, denote the roots of the cubic 


w+ pare+gqa+r — 0, 
then we have 


—p=a+b+e gq=a+at+bh, —r= abe. 


To eliminate 4 and ¢ between these equations, we multiply 
the first by a, the second by a, and add in the third; we thus 
obtain, 

e+ pe+gqatr=— 0. 


The necessity of this result is readily perceived when we 
consider, that of the three symbols a, 0, c, any one, as a, repre- 
sents any one of the three roots without distinction, and the 
equation in @, which we obtain by eliminating 0 and c, must 
allow of three values for a, that is, must be a cubic. Yet, 
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though these relations between the roots and coefficients do 
not enable us to determine the roots, they do enable us to 
discover many important properties of roots, as will be seen 
in subsequent chapters. 


48. The following proposition is independent of the prin- 
ciple that every equation has a root, yet it is most conven- 
iently inserted here, as a lemma to a useful corollary from the 
preceding proposition. 


Prop. 1V.— An equation in which the first coefficient is 
unity, and the remaining coefficients integers, cannit have a 
rational fractional root. 

Let D4 Cpe oe Oe Ge Cy ae 
be such an equation ; and, if possible, let it have as a root the 


rational fraction che a and 6 being prime to each other. By 
substituting “ for z, and multiplying throughout 6", we 
have, , 

+ Cia... + C,0 + O.abr?4 Cyd" = 0. 


ge 
. b 
the remaining terms, which must form an integral expression, 
since @ and 6, and all the coefficients, are integers, equal to 


n 


~ + which is not an integer. This is impossible, therefore 


cannot be a root of the proposed equation. 


If we transpose the first term — to the right hand, we have 


49, Such an equation may, however, have incommensurable 
real roots, or imaginary roots of the form a + b\/—1, in 
which a and 0 are incommensurable. For example, the equa- 
tion 

2+ 52? — 102 —8 = 0 
has a root 2 = 2. Dividing by 2 — 2, we obtain 
e+ite+4= 0, 


which has for roots « = —1(7 + »/33), which are fractional, 
but not rational. 
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50. Cor.— Since (45) the final term is the product of all 
the roots, it follows, by the present proposition, that in any 
equation having unity for its leading coefficient, and the re- 
maining coefficients integers, all the rational roots must be 
integral factors of the final term. Also, if this term, O), be 
u prime number, the equation cannot have rational roots, if 
+1, or +Q, be not roots. 


The equation 2° — 132? + 9% — 11 = 0, for example, must 
(12) have, at least, one real root; but since, upon trial, we 
find that neither + 1, nor + 11, is a root, we know that it has 
no rational root. 


51. Since, as will presently be shown, we can always trans- 
form an equation, having a leading coefficient other than 
unity, into one having unity for leading coefficient, processes, 
that will readily suggest themselves, have been deduced from 
the above property, by which we can, in any case, discover 
whether an equation has rational roots. Such roots, however, 
occur rarely in equations that actually present themselves for 
solution ; and, when they do occur, will necessarily be discoy- 
ered in the course of the process of analysis hereafter to be 
explained. It is, therefore, not necessary to make a special 
search for rational roots. The following easy examples given 
by way of illustration, may be solved by the guidance of the 
property given in Art. 50, and by means of the process illus- 
trated in Art. 21, 


EXERCISES. 
Find the rational roots of the following equations: 
2 — 62 + 1027 —3 = 0. 
at — 498 — 56a? + 217% + 28 = 0. 


gt — 27° — 18277 + + + 70 -= 0. 
eo — 3%z? — 921¢ — 918 — 0. 


se ea ped Rie te 


52. Derinitions.—A Variation is a change of sign in ~ 
passing from one term to another; a Permanence is the con- 
tinuation of the same sign in two consecutive terms. 
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Thus, in the function, 
dat — Fas — 135 + at — 1723 + 32? + 6z 4+ 10, 
there are four variations and three permanences; the sum of 
the number of variations, and of the number of permanences 
being equal to the number expressing the degree of the func- 
tion, as will evidently be the case in a function of any degree. 
By changing z to — 2, the function becomes 


— Bat — Yo + 1305 + at + 128 4+ 322 — br + 10, 


the variations being changed to permanences, and vice versa. 


53. Prop. V.—An equation, complete or incomplete, cannot 
have more positive roots than variations of sign, and a com- 
plete equation cannot have more negative roots than it has 
permanences of sign. 


Let the signs of the proposed function be, for example, 
es OP ie ea 
we shall show that upon multiplying by a factor x — a, there 
will be in the result at least one more change of sign than in 
the original function. For, having to multiply by a binomial 
whose first sign is positive, and the second negative, we obtain, 
giving merely the signs that occur in the process, 





+--+ -— + + +--+ 
bc inminmimerimmmcnm rr 
+—- Ft+-+ 4 4 -F + = 


writing the double sign in the result wherever the sign of 
any term is ambiguous. 

Upon comparing the series of signs in the result with the 
series in the original function, we find 

(1). For every group of permanences there is a correspond- 
ing group of ambiguities. 

(2). The signs before each ambiguity, or group of ambigui- 
ties, are contrary. 

(3). A final sign is superadded, which is necessarily contrary 
to the final sign of the original function. 
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Hence, taking the most unfavorable case, that in which all 
the ambiguities are of the same sign, we may by (2) take the 
upper signs without affecting the number of permanences ; 
then the signs of the result, leaving out the last, are the same 
as those of the original function, and (38) this last introduces 
an additional variation. Thus there is at least one more varia- 
tion than in the original. 

Supposing, therefore, the product of all the factors corres- 
ponding to the negative and imaginary roots of an equation to 
have been formed, each multiplication by a factor correspond- 
ing to a positive root will introduce at least one change of 
sign; that is, an equation cannot have more positive roots 
than variations of sign. 

To prove the second part of the rule, we have merely to put 
— « for x in the proposed equation ; then, if the equation be 
complete, permanences are changed to variations, and vice versa. 
The transformed equation cannot have more positive roots 
than variations, that is, the proposed equation cannot have 
more negative roots than permanences. 


54. Cor.— Hence, when the roots of an equation are all 
real, the number of variations is exactly equal to the number 
of positive roots, and the number of permanences to the num- 
ber of negative roots. For if m and 7 be respectively the 
number of positive and negative roots, and m’ and 7’ respect- 
ively the number of variations and permanences; then, since 
m+r=m' + 7’, each being equal to the degree of the equa- 
tion, and m cannot exceed m’, nor 7, 7’, we must have 
jeer, and * <7". 


55. This important theorem, generally called Descartes’s 
tule of Signs, from the name of its discoverer, is included as 
a particular case in Fourier’s Theorem, (180), in connection 
with which some useful deductions will be given, which are 
usually deduced as corollaries from this proposition. 
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CHAPTER IV. 


TRANSFORMATION OF EQUATIONS, 


56. Without knowing the roots of an equation, it is in 
our power to derive from it various other equations the roots 
of which have given relations to those of the proposed equa- 
tion. ‘These transformations are, some, useful in preparing 
the equation for solution by reducing it to a more conyenient 
form, and some are necessary to the actual solution. The 
propositions of the present chapter comprise, by no means all, 
but the most useful and simple cases of the general problem, 
to transform an equation into another the roots of which shall 
be any given functions of those of the proposed equation. 


5%. Prov. Il.— Zo transform an equation having negative 
or fractional exponents into another having only positive inte- 
gral exponents. 


Let the proposed equation, 
f(a) = ax + ba" + cx'*+... kat +b = 0, 


have negative exponents, integral or fractional. Suppose — s 
to be the numerically greatest negative exponent; then, mul- 
tiplying throughout by x’, we have 


f (a)x* = ane + be 4+ ¢6+4....ka**+lz'*=—0, 


in which no negative exponents occur. It is obvious that the 
roots of f(z) = 0 are not changed by this transformation, 
since, if f(z) = 0 for a certain value of z, then also f(x)a‘ 
= (0 for the same value, and vice versa. 

Again, to transform the equation, 


m p r 


t 
icy ax” + bat + ca8+....ka? +1 = 0, 


into another having only integral exponents, assume y" = 2, 
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where » = nqs...v, or the L. C. M. of the denominators 
of the exponents. Substituting y* for x in the proposed, 
we have 


Fy) ae ay” + by?’ + cy +.... thy! + 1 Ae 


m : 
where m’ = Nt p =/ x p, &e., are integers. 


The relation between the roots of f(y) = 0 and f(a = 0 
a x, that is, any root of the transformed equation 
in y must be raised to the np” power to be a root of the pro- 
posed equation. 


58. These results may be formulated in the following 


Ruty.—To free an equation from negative exponents, mul- 
tiply out by the reciprocal of whatever power of x occurs with 
the numerically greatest negative exponent. To free an equa- 
tion from fractional exponents, substitute in the proposed 
equation y" for x, where w is the L. C. M. of the denominators 
of the exponents. 

Ex. I.—It is required to transform the equation, 


=e 
2 


308 + 1%a8 — 320-4 4 92 —8 = 0, 


into another having only positive integral exponents. 
Multiplying throughout by 24, we have 
be ant 

aa” + 1%% > — 32 + 9a — 8at = 0; 
from this, by substituting y* for z, we obtain 

by? + 17y% — 32 + 90y%— 8y4 = 0, 
or, 9y + 17y8 — 8y4*4+ 3y9— 32 = 0. 

EXERCISES. 


Transform the following equations into others having only 
positive integral exponents: 


lL +3234 504+ 7 — 0. 
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2 5. 
a2 — du? + Yart — Ya? = 0. 


A, 20% 4+ 4o® + 30-3 = 0, 





6. f/1 +a = 32— 2-3, 
1 ViL— ve = Ape 1s 


59. Prop. Il.— 7o transform an equation into another, 
whose roots shall be those of the proposed equation, each mul- 
tiplied by a given quantity. 

Let f(z) = Ga" + C,n2'+....G42+ Q2+Q=—0 
be an equation which we wish to transform into another, the 
roots of which shall be m times as great as those of f(a) = 0. 
Suppose y = ma, then 2 =a. Replacing z by o in the 


proposed equation, we have 
n-1 
AED a aoks fal Be yaeti (2) +0(4)+G=0. 
Multiplying throughout by m”, we have 


f(YH=Qay tm ayitt...4¢m?hy+m CC y+m' Oh=0, 


an equation whose roots are each m times as great as those 
of f(z) = 0. Hence we have the following rule, before 
applying which we copies the cquaian by supplying the 
place of absent terms by zero’s. 


RuLe.—T7o transform an equation f(x) = 0 into another, 
TI (y) = 9, the roots of which shall be m times as great, replace 
x by y, and multiply the coefficients, beginning with the second, 
DUA, aly FIIs see 10 


Ex. 1.— Transform 2! — 1928 + 49a? + 292 — 17 =90 
into an equation having its roots three times as great. 


Here m = 3; proceeding by the rule, we obtain 


yt — d1y + 441y? + 783y — 1377 = 
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Ex. 2.— Transform 2! — 512? + 1%76z — 789 = 0 into 
an equation haying its roots one-tenth as great. 


First, completing the equation, we have, 
zw + 02? — 51z* + 176x — 789 = 0; 


then proceeding by the rule, and multiplying by powers of ;1,, 


-we obtain 
yt — .d1ly + .1%6y — .0789 = 


60. The chief use of this transformation is to enable us to 
have unity as leading coefficient without introducing fractional 
coefficients ; or, to clear the equation of fractional coefficients, 
without affecting the leading term with any coefficient other 
than unity. 


Ex. 1.— Thus, if we have the equation 
at — Ya + lle? + ba —3 = 0, 
by taking m = 5, we have 
5y4 — 7 xd5y8 + 11x d°y? + 5 x dy —3 xd4= 0, 
or, yi— ty + dy? + 12d5y —375 = 0. 
Ex. 2.— If we have to clear of fractional coefficients 
Ape ail 18 
3 25 60 120 
we have to consider what m must be, so that its powers will 
contain the denominators of the fractional coefficients. 


By taking m = 30, and ee by the i we obtain 


0, 


4 
yf +3 (30) 55 = (30)2y2 t+ $6 + (30)%y bee wae = (30)! = 0, 
or, yf + 40y° 506 + a ri eons Lay 


EXERCISES. 
Transform the following equations into others having the 
leading coefficient unity, and the remaining coefficients 
integers : 
1. 523 — 32? — lla — 20 = 0. 
2. Ta — 540? + 30 = 
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3. 28 — 28.040" 4°36 2 — ia ee 


4, Bt + pat Sat 


5. poe ce 8 ma 


61. Prov. I1.—7Zo transform an equation into. another, 
whose roots are those of the proposed equation, with the con- 
trary sign. 

Let f(z) = C,2°4+ Ca '+....47?+Q2+Q%=0. 


The transformation of this equation into another, having 
roots numerically the same, but with contrary sign, is merely 
a particular case of the preceding transformation. We replace 
x by y, and take m = —1, that is, multiply the coefficients, 
beginning at the second, by the successive powers of —1, 
which are alternately negative and positive; thus we obtain 


hy —ayt+.... thy FCOytQ=0 
as the required equation. 


RuLE. — The signs of the alternate terms of a complete equa- 
tion being changed, the signs of all the roots will be changed. 


Ex. 1.— Let 
we + 11st — 2325 — 472? + 82a — 57 = 0; 


then, replacing 2 by y, and changing the signs of alternate 
terms, we have 


y> — 1lyt — 2348 + 474? 4 32y 457 =n 
an equation whose roots differ from those of the proposed only 
in having the contrary sign; 2. ¢., y = —2. 


62. When an equation is incomplete, we may omit to 
complete it by supplying zero coefficients, remembering, when 
replacing z by y, to change the signs of those terms contain- 
ing odd or even powers of x, according as the exponent in the 
first term is even or odd. Thus, 


Ex. 2.—Let f(z) = 26 + 3423 — 9622 +4+5 = 0, then. 
f(—2) = oe — 3423 — 96a + 5 = 0. 
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The equation whose roots differ from those of f(7) = 0 in 
sign only, is often conveniently denoted, as above, by f(— ) 
= Oe 


63. This simple transformation is very useful, as we are 
thus enabled to confine our attention to the discovery of rules 
for the determination of positive roots, it being always in our 
power to change negative into positive roots. 


EXERCISES. 


Transform the following equations into others, whose roots 
are numerically the same, with contrary sign. 


1. 2 — 172? — 5384 + 73 = 0. 

xv — 2323 + 1302? — 3052 + 96 = 0. 
xe + 37a* — 11la? — 546 = 0. 

62° — 4123 — 6dz? + 239% + 426 = 0. 
826 + 57a — 1722 — 30627 + 150 = 0. 
xg — (32° — 54at + 2927 —13 = 0. 


erg A aia 


Note this last example, and explain why in this case /(z) 
has the same signs as f(— 2). 


64. Prop. IV.—- Zo transform an equation into another, 
whose roots are the reciprocals of those of the proposed equa- 
tion. 


Let the proposed equation be 
rat?) = Gz + Ca + coos C2? t: Ox “fh QO ee 


Assume y = , and substitute ; for x in f(x); then 


Ta jy oe int 1 
o.() = Ora(5) mits «5's a() =f: as )+e ==? 
Multiply throughout by y”, and reverse the order of terms; 
then 
Hy + y+ Gy? +....Gay+ O, = 0, 


chee: : 1 
an equation in which, since y = -—, the roots are the re- 


ay P 
ciprocals of those of the proposed equation. 


% 
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RuLe.— The coefficients of the equation of the reciprocals 
of the roots are those of the proposed, written in reverse order. 


Ex. 1.— Find the equation involving the reciprocals of the 


roots of 
Dt Loe og een 


Proceeding by the rule, and replacing z by y, we have 


— 3y4 + 23y + lly — ty+5 = 0, 
or, 3y* — 23y? — lly? + 7y—5 = 0, 
which has for roots the reciprocals of the roots of the pro- 
posed. 


65. This transformation is chiefly of use in Lagrange’s 
Method of Solution, and in Budan’s Method of Analyzing 
Kquations, neither much used. 


EXERCISES. 


Find the equations having as roots the reciprocals of those 
of the following equations: 


1; 328 — da°.+- 207 — 11 = 0. 
2. Yat — 54a? — W2e —15 = 0. 
3. a — 1%at + 8228 + Wa — 23 = 0. 


66. Prov. V.— Zo transform an equation into another, 
the roots of which shall be the squares of the roots of the pro- 
posed equation. 


Let Fea C2" + Ct. Oa? + Oat Gye 
the terms may be arranged,in the following order, 


f(z) = (C,a° + Cza"? + .....0,0 + O) 
+ (C12) + Cyst" P+ .... C32 + (2) = 0, 


the terms containing even powers of 2 being collected, as 
here, with C2” when m is even, otherwise the odd powers. 

Similarly, since in f(— 2) the signs of the alternate terms 
are contrary to those of the corresponding terms in f(z), 
we have 
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Sf (—2) = (Ghat C2"? +... x’ + OQ) 
— (C1 gre Oe "7? 45 ene C398 +- CO; 2) = 0, 


. f(a): f(—2) = (Ca + C22"? +...G40+4+ OQ)" 
— (Chav + O32" 34... 03+ On)?= 0. 


Squaring the expressions within the brackets, collecting, and 
arranging according to powers of x, we have for f(x) f(—7<) 


Cr an" = ( nl 2 Ci, C,-2)e a “7 ( 1-2 2 Ca n-3 a5 2 C, C4) Me ie 
— (C2 —20,-20,4-+ &e.)a"F+ ... + (O2—20,0,)2° 
aE Cy — 0, 
the coefficient of (x)? being 


=o ( C?2— 2 C1 r+1 s 2 C,-2 C42 —2 C3 r+3 ar “acne oe 2 Coin / Oca), 


the upper sign being taken when C, stands in an odd term, 
and vice versa, and C,.,,, denoting the nearer of the extreme 
coefficients C;, or CQ). 

The equation thus obtained, by the product of f(z) and 
f(—2), and which we shall denote by #'(2*) = 0, has for 
roots the squares of the roots of f(x) = 0, since for every 
factor (w—a) in f(#), there is a corresponding factor («+ a) 
in f(—z), and therefore a factor (a—a*) in F'(2*); there 
are therefore m such factors, and the equation /’(2*) = 0 has 
for roots; a”, a7, d3",.-..a,7, If 0); GQ, d3,.-..+@, are the roots 
ney (x) —-0; 

We obtain the coefficients of (2?) from those of f(z) 
as follows : 


RULE. — Given a coefficient C. of f(x) = 0, the correspond- 
ing coefficient of F(a) = 0 may be found by taking from the 
square of C, the double product of the immediately contiguous 
coefficients, adding to the result the double product of the co- 
efficients next removed on each side, and so on,as far as the 
coefficients extend ; to the final result we prefix a positive sign, 
if CO, stands in an odd term, the negative sign, if it stands in 
an even term. 


Ex.— Given, 2* — 53 + 1la®? + %x — 6 = 0; find the 
equation of the squares of the roots. 
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Here the expressions, which, with alternately positive and 
negative signs prefixed, will be the coefficients of /’(2*), are, 
1, (25—22), (1214+ 70—12), (49+ 182), and 36; 
the required equation is, therefore, 
e — 32° + 1792t — 181a* + 386°'=— 0. 


6%. This transformation, as will be seen in Chap. X, is 
capable of being applied to good purpose in the analysis of 
equations. 

EXERCISES. 

Find the equations whose roots are the squares of the roots 
of the following equations : 

1. at — 1828 + 122° — 62 — 5 = 0. 

2. ox — 1a? — 2872 +19 = 0. 

3.) 21 00a —— oor a) 


68. Prop. VI.— To transform an equation into another, 
the roots of which are those of the proposed equation, each 
increased or diminished by a given quantity. 


Let f(z) = Cat + O07 +... Oa Oe a, ae 
be the given equation. Assume y = x—a, then whatever 
value is assigned to z, that of y is less or greater according as 


a is positive or negative. The required transformation is, 
therefore, f(a+y) = 0. By Art. 7 we have 


FO+Y) =$@+ Aay+ Alay. haly 
4p a hlOys = 0, 


or, writing according to descending powers of y, and putting 
C_for os a0). 


\n 
Pa+9) = Cy + holy tt tg AMOP+AlOy 
Ba + f(a) = 9, 


an equation the roots of which are less than those of f(z) = 0 
by the quantity a, if @ is positive, and vice versa. 
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69. In Art. 21 was explained and illustrated a convenient 
method for obtaining the value of f(a). As intimated in (22), 
we can, by continuing the process with the pe SIN Ee quo- 
tients, obtain in succession the values of f(a), 3f:(a), x(a), 
&c., which are the coefficients of the transformed equation. 


Ex. 1.— Transform the equation 
Sat — 17a + 292? + 122 —196 = 0 
into another whose roots are each less by 3. 
Writing down coefficients only, we proceed as follows : 


Di ameia ee. sie Le — OG) oP 

Picse 9 4692-243 
Ist Quot. 5 — 2 + 238 + 81;4°47 — Ist Rem., or, f (3). 
15 + 39 +186 
2d Quot. 5 + 13 + 62; 4267 — 2a Rem., or, fi (3). 

1b 34 
3d Quot. 5 + 28;+4+146 = 3d Rem., or, $f, (8). 

ta 
4th Quot. 5; 43 = 4th Rem., or, 3-/3(3). 








Writing out the transformed equation with these remain- 
ders as coefficients, we have 


5yt + 4343 + 146y? + 267y + 47 = 0. 


Since we have taken for @ a positive quantity 3, the roots 
of this transformed equation are each less than those of the 
proposed equation by 3. For the sake of exhibiting the 
entire quotient, we have taken down the leading coefficient 
each time in the above example; in practice the process is 
performed as in the following example: 


Ex. 2.— Transform the equation 
305 + 1948 — 27a? — 1217 + 20 = 0 


into another whose roots shall be each less by 2. 


Supplying the absent terms by zero, we proceed as fol- 
lows : 
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$+ 0 + 19 — 57 — 21 4+ 46 [2 


Gis tee 18%, & 2620 Seley 
8 14.81" (6 a5) ieee 
ne) See Deel 
To9 Bb? Vt eS 
6 36 18 
AS’). eOLAeIODy 
6 48 
24 139 
6 
30 


The transformed equation is, 
By® + 30y4 + 139y8 4+ 2974? + 219y + 24 = 0. 
Ex. 3.— Transform the equation 
Sat + %3a8 + 14%? — 1252 + 227 =— 0 


into another whose roots are each greater by 5. 


Here we take @ = —5, and proceed as before. 
8 + 7% + 4% — 125 4 27 [—d 
—40  =165 90 +175 
33 —18 —35 402 
Bef OO soa arco 
— 7 ikyé —120 
—40 235 
Pe 253 
—40 
aa 


The transformed equation is, 
8yt — 8i%y® + 252y? — 120y + 402 = 0. 


%O. This transformation may be regarded as the most 
important of those given in the present chapter. It will be 
found that both the analysis and solution of equations may 
be completely effected by means of a series of these trans- 
formations. 
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EXERCISES. 


Transform the following equations into others whose roots 
are less, by the numbers placed to the right. 


1. at — 15¢8 + 732? + 7122 — 85 — 0. a@ = 5. 
2. Wet — 462? + 9382 — 105 — 0. =o 
3. Llat — 292° + 5672 4+-7 — 0. a = 4. 
4, 325 — 1%at + 5728 — 782? + 93 = 0. isa) 2. 
5. $a + 782? —10%7z — 540 — 0. Ga): 


91. Prop. VII.— Zo transform an equation into another, 
im which any assigned term shall be absent. 


This is merely a particular case of the preceding trans- 
formation. 
If the roots of f(z) = 0 be diminished by &, we have 


f+) =O foals (k) y+. ' eee (k) y"” 


AV remot 

In order that the (7+1)" term in this may be absent, we 
must take & so that the coefficient of y’” may be zero, 
70. f,,-»(¢)i = 0. . Erom.(%) we-find that. f,,(%) =. (Cyt 


a r—1 r —1) r—2 Ze 7 
- Unk 4+ aml) re” Ju dpc P so that & will 








m(n—1) * 
have to be determined by an equation of the 7” degree. 
To take away the third term, 7 becomes 2, and we find & 
from the Se aaa 


C, ke G sues = Ok oe Ce == iI} 


2 
n(n—1) 

To take away the second term, a transformation that is 
often found tle Sag we determine # from the simple equa- 


fon -C, ee = “Ca = — 0, whence we obtain k = — val : 
Ex. 1.— Transform 2° — 152? + 1l~a—13 = 0, into an 
equation without the second term. 


Here - a = fe = 5, and we proceed thus: 
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LD ae 1D At A ee 1 a) 
5 —50 —195 
—10 —39 —208 
5 —25 ; 
—5 — 64 
ee | 
0 


Therefore the required equation is, 
y> — 64y — 208 = 0. 
Ex. 2.— Transform 523 — 11z? + 32% — 15 = 0, into an 
equation without the second term. 


In order to avoid fractional coefficients, we first by (59) 
transform the equation into another, the roots of which are 
15 times as great; we thus obtain, 


y® — 33y? + 1440y — 10125 = 0, 
and proceed as before, obtaining, | 
2+ 107%7z + 3053 = 0. 


42. To take away any coefficient except the second is not 
of any practical advantage; it is besides evident that, in the 
great majority of cases, & would be incommensurable, when 
determined by equations of the second and higher degrees. 


EXERCISES. 


Deprive the following equations of their second terms : 


8 — 120° 4+ 1ldba —38 = 0. 
8 + Q24a* — 82a — 54 = 0. 
Ags — 29? + 21z + 30 = 0. 


et — 2498 4+ 420? — 372 + 49 = 0, 
oa + 222° — 564 +13 = 0. 


So fie Sal patel 
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CHAPTER V. 


LIMITS OF THE ROOTS OF EQUATIONS, 


%3. In the preceding chapter have been investigated 
methods by which an equation may be reduced to a form 
convenient for solution. We have next to ascertain, as closely 
as possible, between what limits in the numerical scale the real 
roots lie, so as to avoid unnecessary labor in the search for 
those roots. 


DEFINITION. —A superior limit to the positive roots of an 
equation is any number that is nearer to + © than the 
greatest of these roots; an inferior limit, a number that is 
nearer to 0 than the least positive root. 

A superior limit to the negative roots is any number nearer 
to 0 than the numerically least of these roots; an inferior 
limit, any number that is nearer to — » than the numerically 
greatest of these roots. 

A superior limit to the positive roots of f(x) = 0, might 
also be defined as being such a number that, when it, or any 
greater number, is substituted for « in f(z), the result is pos- 
itive: for if, for any substitution, we obtain a negative result, 
there must be a root greater than the number that produced 
that result. 

In the following propositions respecting the limits of the 
roots of an equation, it is to be understood that the coefficient 
of the first term is unity, unless the contrary is stated. 


G4. Prop. I.— The greatest negative coefficient of an equa- 
tion, taken positively and increased by unity, is a superior 
limit to the positive roots. . 


Let —* be the numerically greatest negative coefficient 
in f(z) = 0, which we shall suppose to be of the n” degree, 
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then any value of z that meee a" —k(vt4+on.°%4+....¢%4+1) 





positive, that is, 2” > k= will, a fortiori, make f (2) 


—1 

ery 3 
positive. Tor, even iran that all the coefficients after 
the first are negative, none of them is, by supposition, numer- 
xz"—1 
ke —1 
is satisfied if 2” — or > a". » that is, if. a—17= or sy k, 


or, = or >k+1. Hence f(z) is positive when z = £+1 
or any greater number, that is, & + 1 is a superior limit to the 





ically greater than — *&. Now the inequality 2 > ce 





positive roots. 
Ex.1. f(z) = a— 15% +4 187 —5 = 0. 


By the present proposition 15 is a superior limit to the 
ve roots. 


35. Prop. Il.—ln an equation of the n” degree, if — k 
be the numerically greatest coefficient, and x"” the highest 
power of « that has a negative coefficient, then »/k +1 is a 
superior limit to the positive roots. 


Let f(x) = 0 be the proposed equation. Since all the 
terms that precede xz” are, by supposition, positive, any value 
of « that makes 2" > &(a™”™ 4+ av714....%-+4 1), that is, 

gnatl_] 











Le Ba area will obviously make f(z) positive. The 
ae n-r+1 
preceding inequality is satisfied if 2 > kh. Z a ui 


(G1) > KOT ae — 1) Oa, Or te 9 de ae 
+1. Hence for ¢ = W% +1, or any greater number, f(z) 
is positive, that is, 4/4 +1 is a superior limit to the positive 
roots. 

Ex.—Taking the same equation we had above, 
wv — 15a? 4+ 18a —5 = 0, 


we have k = 15, and r=4—2 = 2; therefore 15 +1, 
or 5, is a superior limit to the positive roots, a limit much 
closer than that obtained by the preceding method. 
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76, Prop. II.—Jf each negative coefficient, taken sosi- 
tively, be divided by the sum of all the positive coefficients that 
precede it, the greatest quotient thus obtained will, increased 
by unity, be a superior limit to the positive roots. 


Let the proposed equation be, 


f(a) = C2" + Ce + Co0? — Chg 4 0.0.00" 
+ ce. G; — 0. 

To demonstrate the proposition, we arrange f(z) in a form 
deduced from the expression for the sum of a geometrical 


m 


: g”™—1 
series, 5 We emt gm2t....¢+1, whence we have, 


= («—1) (a 4+ a? +....%¢+1) 41. 


We therefore transform all the positive terms of the eqi*’ 
by this formula, leaving the negative terms unchanged, ti 


C, a =C,(e-1)a+C, (w-l)x-?+C, (x-1)a"3+...0, 


+ O40 = Cs(a-L)a"?-+ C4(a-Da +... 
ego C,2o(@—-1) a3 4+-...Cn-2 
inet C,-3 gn-3 — wees gyn-3 


and so on, with the remaining terms. 

It is evident that in a given column only one negative 
coefficient can occur, since for different negative coefficients 
the powers of x are different. If in any vertical column there 
occur no negative coefficient, that column, of course, is posi- 
tive if x is not less than unity. In a column, in which, as in 
that containing z’° above, a negative coefficient occurs, we 
must, in order to obtain a positive result, have 


(C,, 2 ESS a C,-2) (c—1 > Cie. 


and (C,+ Gat....G1)(#—-1l > CG,, 

if the column containing x” has a negative coefficient C. ; 
that is, we must have 2 ohas than tae. + 1, 
and greater than CEO AO: + 1. 
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If x, then, be taken greater than the greatest of these 
expressions, that value of x will make all the vertical columns 
positive, and consequently make f(z) positive. Hence the 
greatest of these expressions is a superior limit to the positive 
roots of f(z) = 0. 

This is generally the most effective of the three limits yet 
given, and does not require the leading coefficient to be unity. 

Ex.1. 2 + 132+ — 2123 — 6927 + 812 — 58 = 0. 

By (74) we have + 70 as a superior limit. 

By (75) we have »/69 + 1, or 10, as a superior limit. 

By the present proposition we take the greatest of the ex- 

21 69 58 
pressions, i413 +], T4138 +1, and Tp 13 481 ils 
the ‘second is plainly the greatest, therefore 6 is a superior 
limit. 

Ex, 2. 325 — 17z* + 5623 — 782? + 93x — 105 = 0. 


By (74) we have 36 as a superior limit. 
By (75) we obtain the same limit. 


By this proposition we have - + 1, or 7, as superior 


limit. 
Ex. 3. 2 + Va? — 1562? — 45382 — 954 = 0. 
By (74) we have 955 as superior limit. 
By (75) we have »/954 + 1, or 11, as superior limit. 


7%. It is not generally of much importance to obtain an ~ 
inferior limit to the positive roots. Such a limit may be found 
by transforming the equation into another, whose roots are the 
reciprocals of those of the proposed equation. The reciprocal 
of a superior limit to the roots of this transformed equation, 
will be an inferior limit to the positive roots of the proposed 
equation. 


Ex. 4. 2 + 152? — 3% — 45 = 0. 


The equation of the reciprocals is, 
4548 + 3%y? — lby —1= 0. 
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A superior limit to the Sala roots of this is (76), 
15 97 

B 43% a 1,,0F 39 3 therefore oa is an inferior limit to the 

positive roots of the proposed equation. 


48. To find limits to the negative roots, we change the 
alternate signs of the proposed equation (taking account of 
absent terms), thus obtaining the coefficients of the equation 
whose positive roots are numerically the same as the negative 
roots of the proposed equation. Superior and inferior limits 
to the positive roots of the transformed will, taken negatively, 
be inferior and superior limits to the negative roots of the 
proposed equation. 


Bx. 5. Yat — 1327 + 382 — 43 — 0. 


Merely taking the coefficients with alternate sign changed, 
we have 7% + 0 — 13 — 88 — 43, from which we obtain 
> +1, or 8, asa superior limit. Hence — 8 is an inferior 


limit to the negative roots of the proposed. 


49. The limits obtained by the above methods are often 
far from close. Thus, in the preceding example, 8 was ob- 
tained as a superior limit to the positive roots of 


vy* — 13y? — 38y — 43 = 0, 


while 3 is, in reality, a superior limit. Among other methods 
that have been proposed, that of Newton gives the closest 
limit. As this method is, however, virtually comprised in the 
method of analysis given in (187), we refer to that article. 


EXERCISES. 


By one of the preceding methods, find superior limits to the 
positive, and inferior limits to the negative roots of the follow- 
ing equations: 

1 2+ 1527 + 367 — 54 — 0, 

2. 5at — 362? + 137 — 91.=— 0. 

3. 2a° — Yat + 923 — 11a? 4+ 138a¢— 15 = 0, 

4, a8 + 132° — 3927 — 54a + 105 = 0. 
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SO. Prop. IV.—Jf two numbers, successively substituted 
for the unknown quantity in an equation, give results with 
contrary signs, these numbers include between them an odd 
number of the roots of the equation; if the numbers give 
results with the same sign, they include either an even number 
of the roots, or no root. 


Let p and gq be respectively superior and inferior limits 
to certain real roots @, G2, d3,....@m, of an equation 


Ff (2) == (), | 
f (@) = (@—M) (&—a2) (2—As)... .(®@—Am) O(@), [1] 


where ¢(~) is a function formed from the product of quadratic 

factors corresponding to imaginary roots, and binomial factors 

containing roots that lie without the limits p and gq, so that 

g(x) cannot change sign for any value of z between p and gq. 
If in [1] we put p and ¢ successively for z, we have 


S(P) = (D—4%) (p— 42) (P—4s). - --(P—Om) O(P), 
SF (Gd) = (¢—4) (9—42) (Y—4). - - - (Y—Am) 0( 9g) 


Since all the factors (y—a), (p—de),...-(P—A@m), are pos- 
itive, and all the factors (y—a), (¢—d:2),.-.-(¢—Gm), negative, 
while @(p) and #(q) have the same sign, f(p) and f(q) will 
have the same, or contrary signs, according as the number of 
the roots @, dz, 3,...-Am, is even or odd. Hence, if » and 
g include between them an even number of roots, they pro- 
duce results with the same sign, if an odd number, results with 
contrary signs. 


Ex. f(z) = 2 — 182? + 101l¢z — 180 = 0, 
f (0) = —180, 
St (6) = — 6, 
f(10+—= .30- 


As f (0) and f(6) have the same sign, we infer that there is 
either no root, or an even number of roots between 0 and 6; 
there are really two. As f(6) and f(10) have contrary signs, 
we infer the presence of some odd number of roots between 
6 and 10. 
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81. It is obvious from this proposition that if we knew a 
quantity & smaller than the least difference between any two 
unequal roots, we could, by substituting in succession fh, 2h, 3h, 
&e., for 2, obtain as many changes of sign as there are unequal 
roots in the equation, and thus ascertain their number and 
situation. For when, in the course of our substitutions, we 
should pass the least root, a change of sign would apprise us 
of the fact, and so on till we had passed all the unequal roots. 
In order to find such a quantity, less than the least difference 
of the roots, Waring proposed to transform the equation into 
~ another whose roots should be the squares of the differences of 
the roots. Then, supposing we found 7 as an inferior limit to the 
positive roots of the transformed equation, // would be a 
quantity less than the least difference of the roots of the pro- 
posed equation, and we could employ it as above suggested. 
This method of separating the roots is, no doubt, theoretically 
perfect, but the great labor of forming the Equation of the 
Differences for equations above the fourth degree, has caused 
the method to be entirely abandoned. 


82. Prop. V.—/Jf the first derived function fi (x), of an 
equation f (x) = 0, be equated to zero, a real root of f,\(z) = 9 
hes between every adjacent two real roots of f(x) = 0. 


Let, a, 2, a,...+G, denote the real roots of f(x) = 0, 
arranged in descending order of magnitude, then 


f(x) = (@—4a) (@—ay) (C43)... (@— An) (2), 1] 


where ¢(z) is a function that cannot change sign, being the 
product of the quadratic factors corresponding to the imagi- 
nary roots, if any, of f(x) = 0. 


In [1] we put y+ 2 for x; then, a y+2z2—<a 
=2z+y-—4, 


Ff (y+2) = (@+y-a) (2+ y-@)(2+Y-%) «(2+ Y-An) OY +2)- 





If now the first member of this identity be expanded by 
Art. 7, and the second member by Art. 45, in ascending 
-powers of z, we have 
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SY +A (y) 2 + &e. = (Spt Snazt-+-)(PY+YA+- =), 


where S,, = the product of all the terms y—a,, Y—(2,++-Y—Ans 
and S;,_,;= the sum of the products of the same terms, taken 
m—1 ata time. 


Equating the coefficients of z, we have 
Aly) = S16 (Y) + Sn Pr (y). 


Substituting for S,, and S,,_, their values, and putting x for 
y, as it is now immaterial what symbol we employ in this last 
result, we have 


Fi(z) = 3 (a@— a) (w@—s) . . . (7A) + (Z—) (43) . « « (Z—Am) 
+... (x) + (x—a) (w—ay) (4@—ag) . . .(Z—An) (2). 


In this result we see: (1), Whichever of the quantities 
G,, Ag ..++Am, we put for x, the coefficient of ¢,(z) will 
vanish ; (2), in the coefficient of @(z), when we put for z 
one of these quantities as a,, all the products will vanish 
except that in which the factor 2 —a, is not found; (3), 
this product will determine the sign of f(a,), as $(z) is 
always positive. Thus 


Ai(a) = ( — a2) (Q; — as)..... (a — Gm) & (a), 
Si (az) = (d2— %) (dz — a3)... (@z — An) > (42), 
Si (as) = (a3 — ay) (a3 — @z)....- (a3 — Gn) > (3)5 


Fi (Gm) = (Gm— %) (An— M2)....- (@n—@m1) D (Am). 


These products are alternately positive and negative; for 
the first contains no negative factor, the second contains one, 
(a, — a), the third contains two, (a3 — a@,) and (a3 — a), the 
fourth contains three, and so on. Hence, by the preceding 
proposition, an odd number of the real roots of fi (x) = 0 
must lie between every adjacent two of those of f(x) = 0. 


83. In the preceding article it has been assumed that the 
Toots Q,, 2, d3.---Am, are all unequal. The conclusions 
there arrived at hold, however small the differences between 
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certain of the roots may be. Equal roots may be regarded as 
roots with a difference infinitely small, and the proposition 
holds with regard to them also, as may be seen from the fol- 
lowing articles. 


84, Cor. 1.—/f f(x) = 0 have r roots, each equal to a, 
then fi(%) = 90 has r—1 roots, each equal to a. 


For if f(z) =0 has two roots each equal to a,, then the 
factor «— a, must occur in each of the products that form 
the coefficient of ¢(x), and consequently f,(a,) = 0. Thus, 
when f(x) has two factors  —a,, f,(z) has one such factor. 
If f(z) has three factors 2 —a,, f,(”) has two such factors ; 
for after dividing each of these functions by x— a, the quo- 
tient from f(z) will still have two factors «—a,, and therc- 
fore the quotient from /f,(7) must have one such factor. 
Thus, generally, when f(z) has r factors x—a,, f,(x) has 
ry —1 such factors. That is, when f(x) =0 has r equal 
roots, fi(z) = 0 has »—1 equal roots, which we may con- 
ceive as lying one between each adjacent two of the r equal 
roots of f(z) = 0, being indeed an arithmetical mean be- 
tween these two. 

The same observations apply to any other groups of equal 
roots in f(z) = 0. Suppose that f(z) =0 has the root a 
repeated 7 times, the root & repeated s times, and the root ¢ 
repeated ¢ times, then f(z) and f(z) have (~— eG, by 
(~e—c)*+ as a common divisor. 


85. Cor. 2.— Only one root of the equation f(x) = 0 can 
lie between any adjacent two of the roots of f,\(x) = 0. For, 
if there could be two, there would be at least one root of 
fi(x) = O'lying between them, so that the roots of f, (x) = 0, 
supposed to be adjacent, would not be adjacent. 


86. Cor. 3.—If f(x) = 0 has m real roots, then f\(z) = 0 
must have at least m—1 real roots in order to have one lying 
between each adjacent two of those of f(v) = 0. Hence, if 
an equation have all its roots real, the derived equation will 
also have all its roots real, each lying singly between a pair 
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of those of the proposed equation; the derived equation 
fi (x) = 0 is in this case properly called the limiting equation 


of f(x) = 9. 


87. Since f2(x) is, Art. 4, the first derived function of 
fi(z), fo(z) = 0 will have an odd number of its roots 
lying between each adjacent pair of the real roots of /{(x) = 0. 
If, then, f(z) = 0 has m real roots, f(z) = 0 has at least 
m —1 real roots, and f2(z) = 0 has at least m—2 real 
roots. Proceeding in this way, we arrive at the general state- 
ment that, if f(z) = 0 has m real roots, f,(z) = 90 has 
at least m—r real roots. 


88. Cor. 4.—If f(x) = 0, being of the n™ degree, has 
p imaginary roots, it has 2 —p real roots; and since, by 
the preceding article, f.(v) = 0 has at least n—p—r 
real roots, it can, being of the (7 — 7)” degree, have only p 
imaginary roots at most. Hence, if any of its derived equa- 
tions have p imaginary roots, f(x) = 0 must have at least - 
as many. 


89. Cor. 5.—If we know all the real roots of f,(z) = 0, 
we can, by means of them, ascertain how many real roots 
f(z) = 0 contains. 

Let «a, 2, ,..:. .«. be the real Toots 06 77 (7)e wee 
ranged in descending order of magnitude. We substitute 
these quantities, in order, for 2 in f(z), and note the signs 


of the results, fi(@); S72), f(y) seer es 

Then, according as f(a) is negative or positive, the pro- 
posed equation has, or has not, a root greater than a. The 
equation has, or has not, a root between a and @, according 
as f(a) and f(@) differ or agree in sign, and soon. Finally, 
if f(«) be positive for an equation of odd degree, or nega- 
tive for one of even degree, there is a root of f(z) =0 
less than x, otherwise not. ‘The number of the real roots 
of f(x) = 0 is accordingly equal to the number of changes 
of sign in the series of results produced by the substitu- 
tions, inorder, of +, ‘a, "By yy...) Ky) == oo) Tone 


FAL) = 
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90. This property of the roots of derived equations is 
the basis of a method suggested by Rolle for separating the 
real roots of an equation. He proposed, by means of the 
derived equation of the second degree, to find limits to 
the roots of the preceding derived equation of the third de- 
gree; thence limits to the roots of the antecedent derived 
equation of the fourth degree, and so on till limits were 
obtained to the roots of the proposed equation. ‘This, called 
the Method of Cascades, has, like that of Waring, been 
entirely abandoned on account of the length of the calcu- 
lations required. 


NoTE.—An equation of the third degree can, of course, be easily ana- 
lyzed in this manner, since its first derived function is of the second degree. 
It appears, however, to have been hitherto overlooked that an equation of 
the fourth degree can also be analyzed by the aid of a quadratic, or that, 
generally, any-equation in which the second term from beginning or end is 
absent (a condition that can always be fulfilled by Art. 71), can be analyzed 
by the aid of an equation lower by two degrees. Let the equation be, 


Ca" +0+ Ons? +....Q04+G4¢24+%=0. [1]. 


Forming (64) the equation of the reciprocals of this, and equating its 
first derived function to zero, we have 


nOoy"™ + (n—ICiy™? +... . 8Cr-3y¥ + 20,2.y=0. [2]. 
An odd number of the roots of [2] lies between every adjacent two of 
the reciprocals of the real roots of [1]; therefore, taking the equation 
20,22"! + BCar_ge™? +....(n—-1)G2 + nQze = 0, [3] 
whose roots are the reciprocals of those of [2], we have an equation whose 
roots separate those of [1]. One root of [8| is ¢=0; the remaining roots 
can be determined by an equation of the degree n—2. If we suppose 
[1] to be of the fifth degree, its roots can be separated by those of the 
cubic 20323 + 80,2? + 40,2 + 50) = 0, and another root z=0. If the 
equation be of the fourth degree, its roots will be separated by those of 
the quadratic 20) 2? + 80,2 +4C) = 0, which are given in the formula 
pion a Os Oe, and another root z = 0. 
Ex. 1. The equation z1—122?+127—3 = 0 has for roots 7 = —3.9.., 
a= .44.., .60.., 2.8..; by the above formula we obtain z=0, .5, 1, 
which separate the values of z. 


Ex. 2. The equation at — 4672z° + 36602 + 2826 = 0 has for roots 
x = 12.70828.., 12.70820.., —.70.., —24.7..; by the aid of the formula 
we obtain z= 12.70824.., 0, —.95.., which separate the roots of the 
equation, two of which concur to six figures. We thus see that equa- 
tions of less than the fifth degree can be easily analyzed by means of 
limiting equations. 

Though an equation of the third degree in its most general form may 
be analyzed by means of a quadratic, it may be of use to note that when 
in the form (; 2 + O;2 + 0) = 0, its two smaller roots, which are of the 


same sign as (, can be separated by 30) + —20\, if they are real. For 
example, the equation 27—7z+7=0 has one root greater than ws => Ls 


and one less. For exercises the student is referred to the numerous ex- 
amples given on pages 125 and 153. 
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CHAPTER VFI. 


ON THE DEPRESSION OF EQUATIONS. 


91. In the present chapter we shall treat of those equations 
which, on account of certain relations existing among the 
roots, are capable of depression, that is, of being resolved into 
equations of lower degrees. 

Among the most important of these, are those equations 
which contain equal roots. We propose to show how these 
equal roots may be eliminated, and the solution of the equa- 
tion containing them reduced to that of equations of lower 
degrees having only unequal roots. 


92. Prop. Il.— An equation f(x) = 0 has, or has not, 
equal roots according as f(x) and fi(x) have, or have not, 
a common facior involving x. 


As far as regards real roots, this has been shown in Art. 84, 
and that result may be made to include imaginary roots by a 
slight modification of the demonstration. 


Thus, let a, a2, a,.-....4, include all the roots of 

f(x) = 0, real or imaginary; then 
f (uz) = (axa) (e@—a,) (w4—az) . . . - (%—,), [1]. 
fil) = {(e@—a,)(w—asg). . .(4—@n) + (T—M) (Z—a3) ... —O, 
+ &e. 3 [2]. 


It is evident that f(z) and f(z) have no common factor 
if all the factors in f(a) are different; for then all the 
products in [2] are different, each being equal to f(#) divided 
by a factor (ec—a), (w—ap), &c., different in each case ; or, 

aE x 
so) 2 fo: , [0 20 


L—Ay X—A, L— As tL—Ay 
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If in [1] we suppose 7 of the roots to be each equal to a, 
s of them equal to 4, and ¢ of them equal to ¢, then 


hi (eps | (x—a)'"\(a—b)*(a—c)*. . .(w—a,) + (w—a)"(a— 8) st 
(c—c)'...(x—a,) + («—a)"(x—b)*(x—c)1. . . (x—, 
+ products each containing (a—a)"(a—b)*(e—c)! |. 
Thus («—a)’(c—b)*-\(a—c)* occurs as a factor in every 
term of f(z), and is therefore a common factor of f(z) 


and f, (z). 


93. In order, therefore, to determine whether an equation 
f(x) = 0 has equal roots, we have only to ascertain whether 
f() and f,(x) have a common divisor ¢(z). If such a com- 
mon measure be found, then the quotient of f(z) by $(z) 
will, equated to zero, contain all the roots of the proposed, 
without repetition. If (zx) is of the form (x—a)’, it will be 
found advantageous to divide by (c—a)"*', so as to obtain the 
quotient of as low degree as possible. 

Ex. 1. Given f(z) = at — 2 — 302? + 822 4+ 160 = 0; 
required to determine whether the equation has equal roots. 

Here f, (x) = 423 — 32? — 60a + 32, and we find a com- 
mon measure (x—4); f(z), therefore, has a factor (#—4)*, 
dividing by which, we find 

f(«) = (x—4)* (a+ 7e+10) = 0. 

Thus the roots of the equation are, —5, —2, 4, 4. 

Ex. 2. Given f(x) = 40° + 1%ax* + 823 — 402? — 822 + 16 
= 0; determine whether the equation has equal roots. 

Here fi (a) = 20z* + 6828 4 242? — 80x — 32, and we 
find a common measure z?+ 4¢-+4; f(x) has, therefore, 
a factor (+2). Dividing by this, we find 

F(&) = (&+2)3 (4e?—Tx+2) = 0. 
Thus the roots of the equation are, — 2, — 2, — 2, and 


4(7 4 V1%). 


94, The common measure of f(z) and f,(z) may, how- 
eyer, be itself an expression containing more than one set of 
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repeated factors. We require, therefore, to deduce a systematic 
process for obtaining separate equations that contain only one 
set of factors. 

Let .% be the product of all the factors that occur but 
once in f(x); X2,, the product of the factors that occur 
twice; 3, the product of those that occur three times; 
and so on, any of these factors, as X,,, being unity if there 
is no set of factors repeated m times. Thus f(z) = X, 
PEGA 0 Cid a lh 


Denoting the G. C. M. of f(z) and fi(z) by ¢,(z), we 


have, G ; 
; (2) — Xo B€¢ a. oe Aa (la 


and denoting the G. C. M. of ¢,;(z) and its derived function 
gi (x) by ¢2(@), we have, 
2 (x) OX A ee 


In like manner we obtain in succession, 


3 0(2) — tay eee 
dy (%) = We Cys reeks ae 

,1(%) = ee 

o, (~) = 1, since X, has only unequal factors. 


From these functions we obtain by division, 








F, (z) — a —— NG EX ssn Poke 
Fy (x) = aa mE hin 
Fa(2) = ae = OED - 
PF. (2) = ae aa) Xx. 


We can now obtain the separate factors X,, X2,....X,1; 
by another division ; thus, 
Fr, (@) 7 OB, (x) 











mt AGS 
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Finally, by equating the functions Y,, X,,....X,, to zero, 
we obtain the roots of the proposed equation; any root that 
occurs in X,,, for example, occurring m times in f (cy Ji U, 


The process may be presented as follows: 


f(t), i), br (@),- ~~ - b-1(2), 
es le (Ele Pett eo. , (2), 
XxX; ’ X2 ? XxX; po ie ee ’ 


In the first line, each term, after the first, is the G. C. M. 
of the preceding term and its first derived function. In the 
second line, each term is the quotient of the term under 
which it stands, by the next term in the same line. In the 
third line, each term is the quotient of the term under which 
it stands by the next term in the second line. 


The following example will illustrate the process. 


f (a) = 2% — Vx! — 2x6 + 1182 — 25924 — 8323 + 6122? 
— 108% — 482 = 0. 

d, (v) = a — 722 + 1327 + 38x — 18. 

3 (x) = 1. 

F(a) = at — 1523 + 10% + 24. 

F,(@) = 2 — 4¢° 4+ a 4+ 6. 

F(z) = x —3 

le =—7—r—2 

AX3 it — 3: 

f (@) = («@+4) (@—a—2)? (x—3)3. 


95. Cor.—When the coefficients of f(z) are all commen- 
surable, the functions X,, X,,....2X,, have likewise all their 
coefficients commensurable. Hence 

(1). If only one of the roots of f(z) = 0 is repeated r 
times, that root must be commensurable; for it will be de- 
termined by an equation Y, = 0, which will be of the first 
degree, and contains no incommensurable quantities. 

(2). Hence incommensurable equal roots will be deter- 
mined by equations of at least the second degree; and any 
equation that contains such roots must have a factor Y,,”, 
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where m cannot be less than two; that is, the equation must, 
at least, have a factor X,? of the fourth degree. Hence 

(3). An equation of the third degree with commensurable 
coefficients cannot have equal roots that are not commen- 
surable; and 

(4). An equation of the fourth degree with commensurable 
coefficients cannot have-incommensurable equal roots, unless 
its first member is a perfect square ; 

(5). An equation of the fifth degree cannot have incommen- 
surable equal roots, unless it has one commensurable root. 

(6). Equations of the sixth and higher degrees may have 
such roots, even when their coefficients are all commensurable. 


96. We are thus in possession of a method by which we 
can eliminate all equal roots from an equation, and obtain 
other equations of inferior degrees involving roots without 
any repetition. The process, however, though simple in 
theory, involves much numerical labor in equations of high 
degree, with large coefficients, as will be fully appreciated 
when we come to exemplify Sturm’s Method, which consists 
essentially in an operation similar to that of finding the 
G. C. M. of a proposed function, and its first derived function. 


EXERCISES. 
Find the equal roots in the following equations : 


1 2@—2—8r¢4+12 — 0. 

Aq? + 1277 — 632 + 54 — 0. 

my — (2Qa* +220e + 75 = 0. 

Sat — 5225 + 662° + Ta — 49 = 0. 

g + ot — 1828 + 142? +217 +5 — 0. 

v§ — 13a* + 122° + 9%2? + 6627 + 12 = 0. 


2 


SoS Oe ae 


RECIPROCAL EQUATIONS. 
9%. In Art. 64 we found that an equation 
wt C,, 21 + O.a?t+....he+ GAe+Qa=o 


may be transformed into an equation whose roots are the 
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reciprocals of those of the proposed, by simply writing the 

coefficients in reverse order, and replacing x by some other 
symbol. If the resulting transformed equation be identical 
with the proposed equation, it is obvious that for every value a 


that satisfies either equation, there must be another value : 


that also satisfies it. Such equations are called reciprocal 
equations, and it will be shown that they can be depressed to 
equations of one-half their own degree. ; 


98. To find what relations must exist among the coeffi- 
cients in order that a proposed equation may be a reciprocal 
equation, suppose the equation above to be transformed by the 
rule in (64), and divide through by (; thus we obtain 


C; mk CL n-2 C2 9 Cui bel 





In order that the transformed may be identical with the 
proposed equation we must have 


Gh. 
eo. 

From the last equation we obtain G = +1, or 4 = —1, 
and this gives rise to two classes of reciprocal equations. 


Biot Oneal y38 One O)C,_9 4... OO; — OG) La Ge 


First. If Qy= +1, we have 
= n=l 5 C= Natt Sn O Meenastad Omg ngs, $376 


Therefore an equation is a reciprocal equation when co- 
efficients equidistant from the first and last are equal. 


Secondly. If Cy = —1, we have 
= — n-1 > Cs — Ona Stig Ger Os OC. 
In this case, supposing = 2m, we should have the middle 
term C,, = —C,,, which is impossible unless C,, = 0. 


Therefore an equation is a reciprocal equation when co- 
efficients equidistant from the first and last are numerically 
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equal though of contrary signs, provided that the middle co- 
efficient be zero, if the equation be of even degree. 


Ex. 1. 2 — 7a + 4524 + 1228 + 4522@-— Ya +1=0, is 
a reciprocal equation of the first class. 


Ex. 2. 2 + 11a? — 526 — 312° + 3128 + 5a? 1llza—1 = 0, 
is a reciprocal equation of the second class. 


99, A reciprocal equation of the first class, and of odd 
degree, is obviously satisfied by «= —1, and has, therefore, 
its first member divisible by 2+ 1. Since the remaining 
roots occur in reciprocal pairs, the quotient arising from this 
division will, equated to zero, be a reciprocal equation of even 
degree with its final term positive. 

In like manner, a reciprocal equation of the second class, 
and of odd degree, has its first member divisible by x — 1, 
and can thus be depressed to a reciprocal equation of even 
degree with its final term positive. | 

A reciprocal equation of the second class, and of even degree, 
is evidently satisfied by both z=1, and «= —1; its first 
member is therefore divisible by 2* — 1, and will furnish a 
quotient which, equated to zero, is a reciprocal equation of 
even degree with its final sign positive. 

Every reciprocal equation is therefore either of even degree 
with its final sign positive, or may be reduced to that form 
preparatory to depression by the following theorem 


100. Prop. I.—A reciprocal equation of even degree with 
its last term positive, may be depressed to an equation of one- 
half the degree of the proposed. 

Let Hig + C, 7 Mek + 0; 1 popsscseare eee Ci ire -+. Qa2+1 = 0 [1] 
be the proposed equation. 


Collecting in pairs the terms that are equidistant from the 
first and last, and dividing by 2”, we have 


m if m-1 1 m-2 ee | — 
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Let 
u 
a+ ‘“ Y 5 then. 
9 ] = 2 2 
ag y Tm oe 
el al 1 
ee =(* + )(e+,)— A ae 
zr 1 1 9 1 2 
a+ 5 =(% + a) (e+ )-(¢ + p)=r— 4 +2 
rym 1 po] Pe U 1 m-2 Lt — yn m-2 4 
(2 + za) = (0+ pea) (#4) (2 + go) = 7m + be 


By substituting these values in [2], we obtain an equation 
of the m” degree in y, that is, an equation of half the degree 
of the proposed. Any root, as a, of this equation will give 


two roots of the proposed by means of the relation x + : tend ff 
or, 2 —ax+1— 0. 
Ex. Let 22% — 122° + 192* — 192? + 122 —2 = 0. 


Since both + 1 and —1 are roots by inspection, we divide 
the left hand member by 2? — 1, and obtain, 


2a* — 1248 + 21a? — 124 4+2=— 0, 
therefore 2 (2° + =) — 12 (x ta) a0, 


and putting x + es = y, We obtain 
2(y?—2) — 1l2y + 21 = 0, 


or ay? —1ly+17 = 0, 
thence y = 4(6+ +72), 
and | a= 242 or t(2+vV2 


EXERCISES. 
Solve the following reciprocal equations : 


1 32* — Ya + 31a? — Ye.+ 3 = 0. 
2. 5a + 822 — 5627 + 84 +5 = 0, 
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3. 2 + 1404 — 2528 — 252? + 1444+1=— 0. 
A, 82° — 5221 —7928 + 792? + B22 —8 = 0. 
5. 2% — 23825 — 8421 + 84a? + 232 — 1 = 0. 


BINOMIAL EQUATIONS. 


101. These equations are such as consist of two terms 

only, as, 
eA es 

where A is a known quantity. ‘This is the only extensive 
class of equations that are capable of complete solution by a 
general method. Their general solution, however, depends on 
De Moivre’s formula, and is contained in works on Trigo- 
nometry. The following propositions comprise the theory of 
Binomial Equations and the solution of such cases as are 
readily solvable by algebraical processes. 


102. Prop. I1.—The roots of a binomial equation are all 
different. 


For the first derived function of 2”— A is nz", and no 
value of x can make 2 —A and na" vanish simultaneously. 
See Art. 92. 


103. Cor.— Any algebraical quantity (that is, any quan- 
tity included under the general form a+ 0*/—1, where 
a and 6 are real quantities, positive, negative, or zero), has 
n different n” roots. From the above equation we have > 
a = WA, and « has n different values (36). 





104. Prop. Il.—All the n* roots of an algebraical quan- 
tity may be found by multiplying one of them by the n differ- 
ent n” roots of unity. 


For in the equation 2 — A= 0 put ay for 2, where a de- 
notes one of the n” roots of A. Then we have 


RY aig la tenets 


From, this we have y= V1. Hence « = WA = ay 
ate V/1, 
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105. Since we can always, as in the preceding article, re- 
duce a binomial equation to the form 2” + 1 = 0, we shall, 
in the following propositions, confine our attention to this 
form. 


106. Prop. Ill.—Jf a be any root of the equation 
a” —1—0, then any integral power of a will also be a root. 


For (a™)* — qr — (a”)™ — 1” — ii 


10%. Cor.—It hence appears that the roots of the equa- 
tion 2" —1=0 may be represented under an infinite variety 
of forms, since each term of the series a~”,.... a, a-2, aW, 
a°, a, a, a’,.... 18 a root. Of these there cannot, however, 
be more than m essentially different, as otherwise the equation 


would have more than » roots. 


108. Prop. IV.—Jf a be any root of xz" +1 = 0, then 
any odd integral power of a will also be a root. 


Pera) = (a)? —| (—1)" — —1, if mis odd. 


109. Prov. V.—Jf m be prime to n, the equations 
z™—1=0, and x?>—1=0, have no common root but 
unity. 

Let p and g be integers such that pm — qn = 1,* and 
suppose a is a root common to the two equations. Then, as 
a1, and a*< 1, we have also a2” —-1, and a”®= 1 
(105). Hence, by division, a7"-" — 1, or at =1; that is, 
the only common root is unity. 


110. Prop. VI.—Jf n is a prime number, and a an 
imaginary root of «” —1 = 0, then all the roots of the equa- 
tion are found in the series, 1, a, a*, a’,.... a. 

For these are all roots by Prop. V; and no two of them 
are equal. For, if possible, let a? = a%, then a?2 = 1, 
that is, a is a root of 2?-7— 1 = 0; and also of 2*—1 — 0, 
which is impossible, since py — q being less than » must be 
prime to it. 





* Such integers can always be found by algebra. 
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111. Prop. VII.— The solution of a —1 = 0, where n 
is a composite number, may be made to depend upon the solu- 
tion of the equations «? -1=0, #271—1=0, dc., where 
Dp, q 7, &c., are the different prime factors of n. 


First suppose ~ = pg, where p and q are prime to each 
other. Then 2 —1<= 0, or 272 —1 = 0, is divisible by — 
both #?—1 and a7—1. By Prop. VI, the roots of z?—1= 0, 
are, 


os -1 
Lita, ee 


and those of a? — 1 = 0, let us suppose are, 


1, B, B, B%.... Be, 


and all these are roots of z7—iz=0. Also the products 
formed by multiplying each term in the first row by each 
term in the second are all roots. For each of these products 
is of the form a’ *, and since a” = 1, and BP" = 1, therefore 
(a’ 3°)" — 1, that is, a”B° is a root. Morecver, no two of these 
products are alike. For, if possible, suppose a”6* = at, 
then a’ = 6% But as a’ is a root of 2° — 1 — Oa 
B’-* a root of a27—1=0, these equations have a common 
root besides unity, which (110) is impossible, since p and ¢ 
are prime to each other. Therefore the pq products, formed 
by multiplying each root of «?7—1=0 by each root of 
v1 —1 = 0, are the roots of 77? —1 = 0; or 2” — 2] 

In the same way, if 7 be the product of three prime factors 
D, J, 7, 11 may be proved that the roots of z7—1=0 are 
the pqr products obtained by multiplying together the roots 
of the equations 7? —1=0, at7—1=0, a” —1=0; and 
similarly for any number of prime factors. 


112. Again, let » be a power of some number, as 7 = p*, 
Suppose the roots of 7? —1= 0 are 
Lo, COAT? ene ta 
then these as well as 
1, Va, Va, Va8,.... 4/077 
are roots of #?*—1 = 0, as is also the product of each root 
in the first row by each root in the second. We have there- 
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fore p® different quantities of the general form a”: V/a°* all 
satisfying the proposed equation, and these are therefore all 
the roots. 

But by the solution of 2? —1='0 we obtain only the p 
roots given in the first row above; those in the second row 
must obviously be determined by solving the proposed equa- 
tion. A similar remark applies when » = py”, where r = 3, 
or any greater number. 

Thus we can find all the roots of z5—1=—=0 by solving 
a—1=—0, and #—1=0; but if <—1=0 be given, 
we can find by this method only five roots, and if z®—1=0 
be given, only seven roots. 


113. Prop. VIIlL—The solution of an equation «"+1=0 
may be reduced to that of an equation of not more than one- 
half the degree of the proposed equation, and having all its 
roots real. 


For, taking the most unfavorable case, 2 + 1 = 0, where 
m is an even number, and the equation has therefore no real — 
root, we see that this is a reciprocal equation of even degree 
with its final term positive; it may therefore (100) be depressed 
to an equation in y of one-half the degree of z?+1= 0. 
As youre, or 2 —yx+1=0, y, being the sum of 
a pair of conjugate roots, is real. 

a” —1= 0, when m is even may be depressed two degrees 
by dividing by z— 1; and 2*+1= 0, when m is odd, may 
be depressed one degree by dividing by +1. In either case 
the depressed equations are reciprocal equations of even degree 
with their final terms positive, and these again may be de- 
pressed to equations in y of less than one-half the degree of 
the proposed equations. 


1b is go — } = 0, 
(c—1) (a#?+2+1) = 0. | 
Hence the roots are 1, and —4(1 + —8), which values 


are the cube roots of unity. By changing their signs, we 
- obtain the three cube roots of. — 1. 
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Puttng y= a+ 2 we obtain 7? — 2 = 0, whence 
~ “l Y= =p V2, 
and «at +1 = (224+ V2-+241) (@—V/2' +1), 


from which we obtain as the four fourth roots of unity, 
4(V2 4+ V7—2), and —4$(V72 + V—2). 
Ex. 3. o—1 = 0. 
From this, dividing by  — 1, we obtain 
e+e@t+e’t+ae¢tl=o. 
Putting y=ut+ =: we have 
ye +y—1=0; whence y = —4(1+ V5). 
Therefore 
2 —1 = (e—1) (a+ 





12-5 Ta 
4 


2 +1) (a+ 3 *x+1), 


whence we obtain as the five fifth roots of unity, 
1, 4(v5—1 +4/-10-2V5), —4(vb+1 +4/-10+2V5). 
These, with changed signs, are the fifth roots of — 1. 


Ex. 4. 48— 1 = 0. 


By Prop. V, the solution will be effected by finding the 
roots of z3—1= 0, which are 1 and —4(1+ /—83), and 
those of 2?—1= 0, which are 1 and —1; the products 
of these sets of roots will furnish the six sixth roots of unity. 


114. When we proceed in the same way to solve z'—1 = 0, 
we obtain a reduced equation in y of the third degree; for 
a2? —1=— 0, a reduced equation in y of the fourth degree, 
and so on. | 

These algebraical methods of obtaining the roots of bi- 
nomial equations are of little practical importance, since, as 
before mentioned, the roots of such equations are most readily 
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and symmetrically obtained by the aid of De Moivre’s For- 
mula. 


- 115. Besides the three preceding classes of equations, any 
equation is capable of depression when we know that the roots, 
or some of them, are known functions of each other. If the 
roots, for example, are known to be in geometrical, or arith- 
metical progression, we can by means of the known relations 
between the roots and coefficients, Art. 45, easily depress the 
proposed equations to others of lower degree. 

In general, if the relation a, = ¢(a,) is known to exist 
among two of the roots, a, and a, of f(z) = 0, we may 
depress the equation as follows: 

Substitute @(z) for x in f(z), and let F(z) be the result- 
ing function. Then we have both f(z) = 0, and F(z) = 0, 
when «= q. For a is a root of f(z) =0 by supposition, 
and to put a for z in /’(z) is equivalent to putting a, for x 
in f(z). Therefore f(x) and F(x) have a common factor 
% — a which can be found. Then a being known, az, = (a) 
becomes known, and the equation may be depressed two di- 
mensions. | 


Ex. Suppose it is known that two roots a and a, of 
a — 9a + Yo? + 6a +16 = 0, [1] 
are such that a, = 3a, + 2. 
Substitute 3z + 2 for x in the equation, then 


(82+ 2)4 — 9 (8x+2)8 + 7 (38~+2) + 6(87+2) + 16 = 0, 
or, 8lat — 2728 — 20%a? — 1262 + 0 = 0, 
or, 9a8 — 322 — 23a — 14 = 0. [2]. 


We find (v—2) as the G. C. M. of [1] and [2]. Therefore 
@ — 2, and a = 3a, + 2 = 8: Thus we find 


at — 9a8 + Ya? + 62 + 16 = (e4—2) (x—8) (2? +2-+1), 
and the depressed equation is 


e+et+i={o0. 
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116. Whenever in the course of the analysis of an equation 
we find a commensurable root a), it is advisable to depress 
the equation by dividing by (v—m), since we thus greatly 
facilitate the finding of the remaining roots. As these com- 
mensurable roots will present themselves in the course of the 
preliminary analysis recommended in Chap. X, we consider it 
unnecessary to make a special research for such roots, which 
are of comparatively rare occurrence. 


EXERCISES. 


Solve the following equations : 


ee ee 5. ol. — 1. = 0, 
Ry. e+ 2 = 0. 6. 224-3) a 
De tilde Pee 40), Yt hac kos Bee Rete 
4, #+4= 0. 8. gb— 20. = 0: 
Depress the following equations : 

Bye apes ks DB. L eeae 
Reid isto Ge 10, 4) ge — 10 
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CHAPTER VII. 


SOLUTION OF EQUATIONS BY GENERAL FORMULAS. 


117. The only equations for which general solutions have 
been found are those of the first four degrees, and the equa- 
tions that can be depressed to any of those degrees. 

Leaving aside equations of the first and second degrees, 
which are fully treated of in elementary algebra, we propose 
in the present chapter to give the algebraical solution of cubic 
and biquadratic equations. 


CUBIC EQUATIONS. 
118. By the method given in Art. 71, any proposed cubic 
may be reduced to the form, 
BO+gqzr+r= 0. Poy: 
Assume that z is the sum of two other unknown quantities, 
that is, ¢ = ¥+2; 
then B= 3yz(ytez) + y+ &; 
in this replacing y+ 7 by 2, and transposing, we have 
a — 3yza — (+2) = 0. [2]. 
In order that [2] may be identical with [1] we must have, 
3yz = —4q, (1), and ¥+ 2 = —7, (2). 


From (1) we have 4°28 = — oo and from (2), y?+ 2 
= — yr; thus the sum, y?+ 2, of two unknown quantities 
being given, and their product yz, we can Shea tle the 
quantities by the quadratic equation ¢? + rt — a = 0, which 


is called the reducing equation. Solving this equation, we 
have | 
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AR Tees 
Zor ye = Pa n/F+8, 

peeps’, 4 boat, /, ear 
PU OE a) St A \/ Tae 


and, since « = y + z, we have the general formula for the 
roots, 


3 1 8/3 — i 
Uae Vee i (sae Rey eae tie ae 


By Art. 113 the cube root of y® may be any of the three 
expressions, 
th (1 Vy a ee 
and the cube root of 2 any of the three, 
z, $(—1+ V—3)4 $(—1-V—83)z 


where y and z are the arithmetical cube roots of y° and 28; 
there would, therefore, be nine values of 2, if we could take 
any one of the three values of +4 with any one of the three 
values of */z. But one of the conditions employed in ob- 


taining the reducing equation was yz = =, that is, the 


product of any pair of cube roots admissible in the solution 
must be a real quantity. It will be seen that the only pairs of 
the cube roots that satisfy this condition are, 


L=Y+2, 
= i(14+V=3)y +4(1-V-3)z = -H (yz) + (y-2)V-3}, 
= (-1-V-8)y + 41+ V-3)2 = -H (y+2)—(y-9V-3}, 


and these are the three roots of #24 gz+r= 0. 


119. The occurrence of nine different values of ¥/y8 + 4/2 
is explained by the fact that in the process of solution we 


cubed the expression yz = —/. Now 923 may be the cube 


3 
of any of the expressions yz, $(—1+ /%—8)yz, or 
4(—1— V—3) yz, so that we really obtain the roots of 
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three different cubic equations in the formula. The entrance 
of extraneous values into the solution of an equation that has 
been squared to free it from radicals is a familiar experience 
- in the solution of quadratic and similar equations. 


120. We have now to consider the arithmetic possibility of 
tho solution obtained. 


pata 78 
Beebe ea de Es 0, then Ws =- ss is possible, the « 


values of y at z can be determined, and the equation has 
one real root, y + 2, while the other roots 4 4} (y +2) 
+ (y—z)V—3} are evidently imaginary. 


Tex. 1. ge — 64 — 40 = 0. 
Ll,” Sgr Sara oT ee RRR TP 
c= 4/20 + V0 —8 ot 4/20 — 400 —8 


X/39.799.. iW eth 
eS ALAR ie Te OA Gu =e 2 I GOT ee) 


We infer that x = 4 is a root, and find upon trial that it 
is so. In this example the remaining roots are most readily 
found by depressing the proposed cubic to the quadratic 
a2 + 47 + 10 = 0, the roots of which are «= —2+/—6 


Ex. 2. e+ 12¢+4=— 0. 
CS RRRE Veli = ae DF AEs a es 
t= /—24 VET + / —2— Vite 
= V76.24621... + /—10 . 24621... 
= 1.84165... — 2.17197... = —.33032.. 
The other roots are most conveniently found by the formula ; 
they are z = —4(.33082... + 4.01363. .4/— 3). 
(2). When ae £ = 0, the formula reduces to 


Ry ty Deradd :/ ames agen af 
ees = 44/ar =e 
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In this case, since y and z are equal, the formula for the 
remaining roots becomes « = —}4(y +42), that is, there are 
two equal roots. 





Ex. 3. — 8 — 24a — 54 — 0. 
8 ge eee Fy AG Mine reese sear 
oe y/ 20+ W729 — 729 + 4/ 27 — V/729 — 729, 
= 27/27 = 6; 
the remaining roots are 7 = —3, «= —3. 


3 h Tey 0. th adminis Oo 2 
(3). When Sk + a7 < 0, then Te ab a7 3s impossible, 
and all the expressions for the roots are impossible. But we 
know that the equation, being of odd degree, must have at 
least one real root. Moreover, the expression /. op must have 
a root of the form m+ 1/—1, and, as 2 differs from 4° 
only in the sign of the quadratic radical, 2 must have a 
root m—n~W—1. Substituting these in the expressions 
yt+2 —kti(y+2 + (y—2) V—3}, we obtain 


2n, and —m+nv3; 


the roots are therefore all real. 





Ex. 4. g — 5iv'— 56 = 0: 
Le Nae “See AP EORY EII 3) Jab ae ee ae 
11 me 4/28 + 6075 ae. 4/28 — 6078 
36/ an Le We Ae RA CRS 
= 4/28 4 53 + 4/28 —45V—8 


We possess no arithmetical method of extracting these cube 
roots, though it will be found upon trial that 


1 cor os 3 poms os. 
// 28-+450/-8 =44/-3; and 4/ 28—45/-3 = 4—/-3. 


Thus, in the case when the roots are all real and unequal, 
the formula is practically unavailable for purposes of arith- 
metical computation, since we are not able to perform the 
operations indicated. On this account this is sometimes 
called the Irreducible Case of Cardan’s Formula. 
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121. That y and z are necessarily imaginary expressions, 
when all the roots are real and unequal, and what functions 
these expressions are of the roots, may be shown as follows: 


Since the equation 23+ ga+7=0 has any one of its 
roots equal to the sum of the other two with contrary sign, 
the roots must be of the form 2a, — (a+), — (a—B), 
where a is always real, while 6, the semidifference of two 
of the roots, may be real, zero, or imaginary. Therefore we 
may put 


e+ qutr = 8 — (3a?+") x — (2a'—2aG?) = 0; 
from this identity we have | 
302 + B= —gq (1), a8 — 2a8? = —r (2), 
from which to find a and @ in terms of g and 7. 
Tt gp = (@—oRp — (+487) 
= —3aiG? + 20°34 1,36 = —3(a?B—168)?; 


a) sed 
og = + V—3 (0B — 46). 


Thus 


Adding —5 and its equivalent (a’—a@?) to the members 


of the above, 


< 
r 


r mie fo 3 2 Afenn 2 2 
Fay / 4 © Ko) + V3 (08 — 4) 


oir es 








th V2 
\ =(°+ 75): 
ee rest 
that is y= a+ 2, pa 


Thus we find that the expressions in Cardan’s Formula are 


perfect cubes in regard to @ + reat The difficulty is 
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that we possess no arithmetical method of obtaining these 
cube roots in a finite form even when a and @ are commen- 


and 





surable. Had we any means of obtaining a + Ee 
i ee rae , their sum, 2a, would give one root, and their 





difference multiplied by 4*/— 3, would give GB, enabling us 
to find the other roots a + 8. We also see: 
(1). When @ is real, the roots 2a, — (a+), are all real; 


but ——— is imaginary, and the formula necessarily assumes 





the so-called irreducible form. 


(2). When £# is zero, the part under the quadratic radical 
vanishes, the formula becomes z = Va? + ~/a?; and the 
roots are, 2a, —a, —da, 1. e., there are two equal roots. 





(3). When @ is imaginary, ae is real, and there is one 


real root, 2a, the others, — (a+), being imaginary. In 
this case, the quadratic radical in the formula being possible, 
we can find its square root, and then obtain approximate 
values for the cube roots whose sum = 2. , 


122. We have geen that the criterion for the roots being 
2 3 
all real is, that 7 + is or 277? + 49°, must not be a nega- 


tive quantity. With the notation employed in (121), we have 
air? + 493 = — 4(81atB? — 1807! + 6°) = — 46?(9a? — B?) 
= — 4?(3a+)*(8a—8)*, which last expression is obviously 
the product of the squares of the differences of the roots. 
Hence, if the roots 2a, — (a+) are all commensurable, 
the expression, 277? + 493, must be a perfect square, which is 
the product of at least two squares different from unity. If 
there is but one commensurable root, it may be shown that 
the same expression must have at least one factor a perfect 
square different from unity. 


123. Many vain attempts have been made to discover a 
process for obtaining in a finite form the cube roots of ex- 
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pressions of the form m+ ”/—1. But just as the extrac- 
tion of the square root of such an expression involves the solu- 
tion of a quadratic equation, so the extraction of the cube root 
of m+nV—1 requires the solution of a cubic equation, 
which will be found to be the original cubic that led to that 
expression. 


124. The expression (m+ 1V/— i)3 may, it is true, be 
expanded in a series by means of the Binomial Formula. ° 
We thus obtain an approximate value of (m + nV — i)3 of 
the form P+ Q»/—1; an approximate value of (m—n/—1)® 


must therefore be P— Q~W/—1; thus we obtain 2P as an 
approximate value of z This method, however, is of no 
practical use, as the calculations are laborious and the series 
are usually of slow convergence. 


125. The roots of a cubic may also be obtained by means 
of a table of sines and cosines; we shall merely indicate the 
precess. 


By trigonometry we know that the equation 
cos’ @ — #cos 8 — 4c0s 30 = 0, [1]. 
has for roots, cos 6, cos (120° + 4), cos (120° — 8). 


Now if the proposed equation be z?— qz—r= 0, we 
can, by Art. 59, transform it into another the roots of which 


are those of the proposed each multiplied by \/ i ;. thus, 


27 
p— ay — n/a == 0. [2]. 


If we assume [2] as identical with [1], we have 
27 a7 
y = cos, and r 648 = 4tc0s 30, or ra / 2 — i 30. 
As the cosine of no angle can be greater than unity, this 


last equation can hold true only when 277? is not greater than 
493, 7. e.. When all the roots are real. The roots of [2] are 
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therefore cos, cos (120°+6), cos (120°—6) ; and those of the 
proposed equation, 


\/ 2 ’ cos 8, VE > cos (120° + 6). 


To find these roots we determine from a table of cosines the 


angle whose cosine = ? \/ £5 or / ae This angle will 
be 39, one-third of which is 0: the cosine of @ multiplied by 
\/ 4 will be the greatest root; and similarly for the other 


roots. 


EXERCISES. 
Solve, by Cardan’s Formula, the following equations : 


e+ 6¢+2 =— 0. 

ge — We — 20 = 0. 
e+ t«#—% = 0. 
e+ iilz+8 = 0. 

has — 138% — 62 = 0. 
lila’ — 562 + 105 = 0. 


SPI apes ta Ee 


126. In conclusion it may be observed that all attempts at 
an algebraical solution of the cubic, lead to a formula similar to, 
or identical with, that of Cardan. Among others, Tschirnhau- 
sen, Tischendorf and Lagrange, by very different paths, arrive 
at the same result. We shall indicate the following investiga- 
tion, which the student may work out as an exercise. It may 
be easily shown that the equation «* + 3x — (a’—a7’) = 0 has 


a root a — = Any proposed cubic a+ gz+r=0 may 

(59) be transformed to y® + 3y + ra/ a = 0. '-We have 

now to find a from the equation a3 —a* = — rv/ a or 
Gs ‘ 
3 


ae + a? —1= 0, and this, we find, leads to a for- 


mula for z similar to that of Cardan. 
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In a subsequent chapter we shall take up the solution of 
cubics by Horner’s Method, and it will be seen that the com- 
putation of a root of a cubic of the form 22+ qa+r=0 
is a matter of no more difficulty than the arithmetical extrac- 
tion of a cube root. 


BIQUADRATIC EQUATIONS. 


12%. Of the various algebraical solutions of the biquadratic 
that have been proposed, the first, historically, is that discov- 
ered by Ferrari, a pupil of Cardan’s, soon after the publication 
of that solution of the cubic known as Cardan’s. 


FERRARIS SoLutTion.— Let the proposed equation, de- 
prived of its second term, be z* + gz? + rz +s = 0, then 


v= — qa — rx —s. 
Add to both sides of the equation 22? + k?, then 
(+k)? = Qk—q)2 — re + (—s). 
We have now to determine & so that the second member 
may be a complete square. In order that this may be the case, 


2 
we must have (24—q) (#’—s) = ae or 


k8 — 4ok* — sk + (4¢s —4r’) = 0. 
From this, the so-called reducing cubic, having determined 
a value of #, by any of the methods given for the solution of 
cubics, the solution of the proposed biquadratic is reduced to 
that of the two quadratics, 


eV+tk—= WVW2k—-q'*4«¢—vVe—s, 
Paik = —R2k—g 2+ VP—s. 


The following solution is, however, generally more con- 
venient. 


128. Descartes’ Sotution.— As before, let the proposed 
equation be 
a 4. ga* + raz +s = 0, [1] 
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and assume the first member to be the product of two qua- 
dratic factors (z*+ ka + f) and (2? — kx 4+ 9), thus, 


a+ (f+y—B)e+ (gk—fh)x+ fg =0. [2h 


Equating coefficients of equal powers of z in [1] and [2], 
we obtain the equations, 


ftg—-P=q% gke—fk=r, fgo=s. [3]. 


Having found f and g in terms of & from the first two of 
these equations, and substituting in the third, we haye 


(P+ 7+ )(P—7F +9) = 4s, 
from which we obtain by reduction, 
AS + 2qk* + (¢ — 4s) Ph — 7? = 0, 
or, putting z for #*, we have the reducing cubic, 
B+ 2g2* + (q?—4s)z—7r? = 0. 


When from this cubic a value of z has been determined, its 
square root is &, and & being known, f and g become known 
from the first two of the equations in [3], and we obtain 
the four roots of the biquadratic from the two quadratics, 
e+k~e+f=0, e#—-ker+g=0. 


Ex. vt — 24e7 + 1524 —2 = 0. 
The reducing cubic is, 
g — 482? + 5842 — 225 = 0. 


From this we find one root, #@= 25,0. k =>) (jae 
g = —1; and we can determine the four roots of the pro- 
posed from the equations, 27+ 5¢+2—=0, #—d5x—1=0. 


129. We shall give one more solution, of some interest as 
proceeding by a method analogous to that pursued in Cardan’s 
solution of the cubic; a method that has been applied to the 
solution of equations of higher degree than the fourth, and 
fails only in so far as that the reducing equations obtained are 
of higher degree than the original equation. 
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130. Evtsr’s Sotution.— Let the proposed equation be, 
gg + 72 4 s = 0. i | 
Assume “£=y+2z+u, then 
es P+ e+ wt 2(y¥z+ yut wy), 
and ey —P— ws &A(yz+yut wy). 
Squaring both sides, we obtain | 
a — 2(yr+e+w)e + (y+2+uwy = 4(yz+tyu+zu) 
= (Ye + yu + Pu?) + 8yzu (y+2+u) 
Replacing y+ 2+ by 2, and transposing, we have 
w— 2(yr+ 2+ wu) — 8yzu- xt (y+ 24+ U*) 
—4(y? + y+ fu?) = 0. [2]. 


In order that [2] may be identical with [1], we must have 





g= —2(y4+274+~w); r= — 8yzu; 
s=(Y+2+u?) —4(P2 + yu? + Zu’), 
1/¢ 24 
TI RCIA ee, Doel te dO CUES Ge” alana (Gia Vaan Aaa 
or, Y+te+u = 9? petyur+ me =2(4 s) = ig? 
yee = = 


The conditions show (45) that y*, 2, w?, must be the roots 
of the cubic equation 


g? —As . Pines ¢ 
16 ee Gin 


Denoting the roots of this equation by 4, #, ¢3, then 
y= tVh, <=4Ve w= tive. 


If we take c= ytetu=t Vt VA + Vb, 
we obtain ezght different values for z. But some of these are 
—r 


inadmissible, since one of the conditions was yzu = ae 


so that, supposing r to be positive, the only admissible values 
of x are, 


—Vi—Vb—Vt, —Vht+Vbt+Vb, Vha-Vbat+ Vs; 
Vti+ Vt—WVts » 





to + Fe 4 
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namely those combinations the product of whose terms is 
negative. 
If r is negative, the admissible values of z are, 


Vit+VbtVis; Vi—-Ve—Viss —Vat+Vaowe 
—V/ti— Viet Vis. ' 


131. The occurrence of the eight values of a in the solu- 
tion has an explanation similar to that given for the appegr- 
ance of nine values for x in the solution by Cardan’s For- 
mula (119). In the course of the solution we employed 

2 2 
a may arise from 7 either positive or 
negative, so that the solution contains the roots of the 
equation, 


? 
aPeeuz = —: now 
y 64 ’ 


w+ qv—rze+s = 0, 


as well as those of the proposed equation. 

It may be remarked that the reducing cubic found by 
Kuler’s Method will be found to coincide with that obtained 
by Descartes’ Method, if we put 4¢ = k*. 


EXERCISES. 


v4 — 222° — 2127 + 30 = 0. 

gt — Ya + 262 — 40 = 0. 

G+ 3a? + 224+ 3 = 0. 

gv — 122° + 4027? — 297 + 6 = 0. 
Sat + 2223 + 17a? — 3862 — 21 = 0. 


SN at adm 


132. The preceding methods of solution depend upon 
special analytical artifices, and have no apparent bond of 
union with each other, or with the methods of solution em- 
ployed for equations of lower degrees. By the method of 
investigation employed below it will appear that the algebraical 
solution of the quadratic, and all those given for the biquadratic 
above, are but particular cases of the solution of the general 
problem: to reduce the solution of an equation of the 2n™ de- 
gree, to that of two equations of the n” degree. 


Let us suppose f(z) = 0, which is of the 2%” degree, to be 
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the product of two factors, ¢(@) and (za), each of the n de- 
gree, then 


F (2) = 4(2) ¥(e) = {SO EPO 1 SPW" _ 9 


Every function of even degree may, therefore, be regarded 
as being the difference of two functions, which are complete 
squares. If we can, then, resolve f(x) into the difference of 
two squares, we can reduce the solution of f(z) = 0 to that 
of two equations of one-half the degree of f(z). For, trans- 
posing one of the squares in [1], and extracting the square . 
root of both sides of the resulting equation, we have 


o(z) + P(z) _ ap? li ee 
Py , 


from which we obtain, according as we take the upper or 
lower sign with the second member, 


O(p)a— 0) or ap (2) ==: 0, 
two equations of one-half the degree of f(x) = 0. 


133. Theoretically this may be done; but we can see in 
advance that, for equations of above the fourth degree, the 
reducing equations will be of higher degree than the proposed 
equation. For, from the 27 binomial factors of f(z) may be 


2 
formed aa factors @(z) and (zx), each of the mn” degree 
ae ae from f(z) we may form the expressions ¢(7) +7(2) 


a 
a0 Bn 
coefficients of the functions (x) + (x) may have 4— la ln 


different values, and will, consequently, have to be determined 
by equations of that degree. To find the degree of the re- 
ducing equations for equations of the second, fourth, and 
sixth degrees respectively, we substitute successively 1, 2, and 


an 


3, for 2 in =——.,, and obtain 1, 3, and 10, as the numbers 


different ways. It is evident, therefore, that the 


expressing the degrees of the respective reducing equations. 
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The quadratic and biquadratic may therefore be reduced by 
means of reducing equations of lower degree; but to solve a 
bicubic’ equation by means of two cubics, we should, except 
in particular cases (145), have first to form and solve a re- 
ducing equation of the tenth degree. 


134. To illustrate the process of obtaining the reducing 
equation, it will be sufficient to suppose f(x) of the sixth de- 
gree; then @(z) and w(z) will be each of the third degree. 

















Let @ (x) = @2@+4+m,2 + m4+ m,,; 
yp (z) = 64427 4+m%2+%;, 
jp ecee de go 4 MAEM oy, Mt Ma ae 
2 2 2 
p(x) —Y(z)) _ M—M » , Mo—- Ne M3— Ns) 
(og fp ae eet 
Changing mam , &., to A, B, CO, and — &e., to 


a, b,c, and ae we have, since (131) $(#) + w (a) 
= £3¢(%)—Y@)}, 
+ Ave + Bu —C = + (av? + bz 4+ 0). 
Squaring both sides, and collecting terms, we have 
a 4 2Aa + (A*— 4+ 2B)at + (2AB— 2ab 4 20) 28 
+ (B?— 8 + 2AC— 2ac)2 + (2BC — 2bc)x 
+ (C?—¢é) = 0, [1], 
the equation of the sixth degree having its coefficients ex- 
pressed as functions of the coefficients of a From 


this we may deduce the corresponding equations of the fourth 
and second degree by omitting the letters that become zero; 
thus we obtain, 


a + 2Ax + (A?— a? + 2B) 4+ (2AB — 2ab) x 
+ (BB) = 0, [2] 
v+2R2Axr + (A?—e@’) = 0, [3]. 
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135. We obtain the reducing equations by equating the 
coefficients of [1]. [2], or [8] with p, g, 7, s, &e., the co- 
efficients of like powers of w in the general equations. Ex- 
cept A (which always = $7), the coefficients B, C, &c., of 
(x) + (2) 

2 


will have to be determined, as shown above, by 


equations of the &” degree, where &k = 


ee easie) 


double sign, be involved in equations of the form (y?)* + P(y?)* 
+ Q(y*)** + &e. = 0, which may also be solved as equations 
of the £* degree. 


ae hil b 
Qin |n’ while da, 0, ¢, 


the coefficients of , will, since they have the 


136. It will be observed that, since in the equations [1], 
[2], [8], there are 2n—1 unknown quantities, B, C,.... 
a, b, c,.... there will be 22 —1 forms of the reducing equa- 
tion, according as we eliminate for one or other of the un- 
knowns; it will also be seen that one of these equations being 
formed, the others may be deduced from it by suitable substi- 
tutions. Thus there is but one form of the reducing equation 
for the quadratic, there are three distinct forms for the bi- 
quadratic, two of which have been given, and five for the 
bicubic. 


13%. We shall first find, by this method, the reducing 
equation for the quadratic. 
Comparing the two forms of the quadratic, 


e+ pxe+g = 9, 
vt 2Ax + (A?—a’) = 0, 


and equating corresponding coefficients, we have 


2 
A Se Ae =P @ = 9; 


2a 
whence a? = ee: ah 





, Which is the reducing equation, and 


4 
we haye for a = + ¢ (2) ee 
P_. , VpP—4q 
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the usual form to which we reduce the quadratic, and equiva- 
lent to two equations of the first degree. 


138. Again, comparing the equation of the fourth degree, 


ei+ pe+qe+rer+s = 0, 
and a42Aa§+ (A?-a?+2B)a?+ (24 B-2ab)x+ (B-6)= 0, 


we have, A=4; AP—42B= 9; 2AB-2ab=r; B-P=s. 
From the second of these conditions we have 


2 
ry 1} re P+ 2B—4q, 


a pe =) 7 ( ms a) 
te ar ( 20 2A/ De 
from the third and fourth; thence 





LP | ay ae ee pre ae 
Euan mu ee OT IT 


8 B3 — 49 B? + (2pr — 8s) B — (ps —4qgs +r?) = 0 [1]; 


» whence 





from which, if we put p = 0, we obtain 
8B — 49 B* — 8sB + (4qs — 7) = 0, 
the reducing cubic as found by Ferrari. 

139. The reducing cubic involving @ may be found by 
elimination, as was the preceding one; but it is more readily 
found by substituting in [1] the value of J in terms of a. 
The full equation thus obtained is, 

2 
ae + (24 — Fat + (So — 9% + pr + —4s) a? 
(2 ol a ay 
a (2 een) 
8 
which becomes, putting » = 0, 


a’ + 2ga4 + (¢—4s)a — 7? = 0, [2] 


the reducing cubic as found by Descartes and Euler. 
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~ 140. The reducing cubic involving 6 may either be found 
directly, or by substitution from the others; it is, 


640° + (32pr+ 64s—169")bt + (4p77?—32prs—8p*qs—8qr*) b 
, — (r# —2pr*s — p's?) = 0, 
which putting p = 0, and 40? = z, may be simplified to 
8+ (4s — q’) 2 — 2gr'z2 — rt = 0. 


Having obtained any one root of any of the above reducing 
cubics, we can find the quantities A, B, a, b, from the relations 


B—r, 
2A =p, B= ae+g— A; B= — 


the equation in the form, 


and then put 





g(t) +p(z) _ , o(@) — (2) 
2 ae ee ae ae 
that is, e+ Axrt+ B= + (ax+d), 


and solve by two quadratic equations. 


141. We may examine what functions the roots of the re- 
ducing cubics are of those of the biquadratic. 

Supposing the roots of the biquadratic to be a, B, y, 4, 
and those of the reducing cubic of Ferrari, B,, B,, B;, 
we have 

__ M+,  af-+y¥d __ ay + Bo _ ad + By. 
B, —— 9 a 2 ’ B, ——a as OW beta’ Bs —_ Oe 5 
that is, the roots of Ferrari’s reducing cubic are the three 
aB + yd 

arate 





possible functions of the form Similarly the roots 








of the reducing equation in } are, since } == a, 
ai ao 6 ay — Bd ao — 
ie —— b, = 2. bi a, 


Denoting the roots of Descartes’ reducing cubic by a,’, a,’, 
mM —nN 
2 





a,;’, then, since (133) @ = » Where —m denotes the 
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sum of any two of the roots, and — x the sum of the remain- 
ing two, we have, 


ihe $(a+B—y—9), + a= + x (a—B+y—9), 
+0; = F$(a—~B—y +8), also A = —4(a+8+y+8), 
$(—A—a,—a,—a3) =a, 4$(—A—Q{|+a+a;) = B, 
4(—A+a,—a.+ 43) =yY7> 4(—A + a, + d2—A4s) meet 


If we suppose A = 0, 7. ¢, p = 0, we obtain 
4(—a@—a,—a;3) = a, &e, 


the same results we obtained in (130). 


142. If the biquadratic has all its roots real, it is obvious, 
from consideration of what function of these the roots of the 
reducing equations are, that the latter are also all real. 

If the roots of the bicuadratic are all imaginary, they must 
be of the form P + QW—1 and R + SV—1, and upon 
putting these for a, 3, y, 6, in the expressions, 


— vd \2 
hip = ase &e., oft ie 5 "), &e., 


ca ONS 
a = (4+P—) ay, &e., 











we find that all the roots of the reducing cubics are real in 
this case also. 

If the biquadratic has two real, and two imaginary roots, we 
find, in the same way, that in this case each of the reducing 
cubies has two imaginary roots, or, possibly, two equal roots ; 
that is, the reducing cubie will not fall under the irreducible 
case when the biquadratic has two real and two imaginary 
roots. 


143. Upon consideration of the final terms of the different 
reducing cubics, we find that, if we have either p?s — 4qs 
+r=0, p?—4pg + 87 = 0, or 74 — 2p°r?s — pts? = 0, 
the biquadratic zt + pa + qa? + rx +s = 0 may be solved 
at once by means of quadratic equations, for this is equivalent 
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to having either B, = 0, or d, = 0, or a, = 0, and we pro- 
ceed as in (140). 


Bie 1. a — Yat — 60a? + 221a¢ — 169 — 0. 
Here we find p*s — 4gs + 7? = 0. We proceed to reduce 


the equation to two quadratics as follows: A = f = us 
49 
ip 0, af = AP + 2B—g = +0460 = 5%, 
17 
Cio + 9? b; — He = y= 169, oe by — + 13 ; hence 
we have, 


#t—ta 40 = + (Ga +13), 
therefore we have 
e—12¢+13 = 0, and 2+ 5¢—138 — 0. 


lide Be zt — 1428 + 632? — 982 + 24 — 0. 


Here we find p? — 4pq + 8r = 0, therefore a = 0. Pro- 
ceeding as before, we find 4 = —?, B=%, b = +5, 
and have the two equations, 


we—tat+? = +65. 
x5.3. x + 328 — 497 +. 97 + 9 = 0. 


Here we find r+ — 2p*7*s — p's? = 0, therefore }, = 0, 
SS pes ie +45 hence we have e450 43 aie + 525 
therefore 

v— 24 +3 —0, and 2+ 57+3=—0. 


144, A cubic equation may be put in the form, 
“+ p+ q+ re = 0, 
that is, may be regarded as a biquadratic having one root 
z= 0. We may, accordingly, derive reducing equations from 
those given above for the biquadratic by simply leaving out 
the symbol s. We thus find the reducing equation for a cubic, 
found by this method, is itself a cubic. We also find that 
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when in a cubic equation, # + pz? + gx +r = 0, the rela- 
tion p®? — 4pq + 8r = 0 holds good, the equation may be 
reduced as in (148). 


145. When we attempt to form the reducing equation for 
the bicubic, we obtain, as we might expect, an equation of the 
10th degree. Thus, like all others that have been tried, this 
method fails to reduce equations of the fifth or higher degrees 
by means of reducing equations of lower degree than the 
proposed. 

When special relations exist among the roots, reduction may 
be effected by equations much lower in degree. ‘Thus in the. 
equation, as found in (134), 


a + 2A + (42? —a + 2B)at+ QAB — 2ab + C)28 

+ (BP 42A C—2ac)a?+ (2BC—2bc)x+(C?—e) = 0, 
if we put a = 0, 2.e., suppose that of the roots the sum of 
one-half the number is equal to the sum of the other half, we 
see by inspection of the coefficients above that the quantities 
A, B, C, b, and c, may then be found by the series of simple 
equations, 


A=4p; B=t4g—P); C=tr—pB); a=0; 
b= V/B+p0—s; c= VC?2—», 
that is, of in any equation of degree not greater than the sixth, 


the sum of one-half the number of roots be equal to the sum 
of the other half, the equation may be reduced by inspection. 


Ex. Let 2§— 1025 + 2224 + 1128 — 502? — 1522 — 96 = 0 
be an equation having the sum of one-half its roots = 5, then, 
by the simple equations above given, we find 
17 


4=-5,B—_=, es ey 3 ¢=1+10, 


and we can put the equation in the form, 
3 (ee ) 

8. 5a*?* — -¢7@ — 2 = wah 
x 52 ha 2=+ a + 10}, 


whence 
zg — 52° — 10% —12 = 0, and a3 — 52°74 774+ 8 = 0. 
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If,,in an equation of the fifth degree, the sum of three of the 
roots is equal to the sum of the remaining two, we can, in the 
same way, reduce the solution to that of a cubic and a qua- 
dratic equation. 


te ke Let 2 + 14¢4 4 4323 = 4822 — 258¢ —.72 = 0 
be an equation having three of its roots equal to the other two ; 
then, as in the preceding example, we find 


et a ee = 0, 15 6 =! 3; 
and we can put the equation under the form, 
a8 + Ya? — 84 —3 — + (15x43), 
whence we obtain the two equations, 


e+ Yo? —18a—6—0, and 24+ %+12=—0. 


EXERCISES. 


Depress the following equations by the methods exemplified 
in (143) and (145) : 


gt 4+ 298 — 3a? — 92a — 529 — 0. 
ag — 1728 + 3027 — 1957 — 225 = 
zg — 828 + 202? — 16z — 21 = 0. 
zg — 2028 + 11%2? — 17072 — 60 = 0. 

e+ Y78 — 202? + 3da + 25 = 0. 

w= ar + 02 +957 — 961° — 0. 

oe 4 Qdat 4+ 14203 — 292? — 5434 — 105 = 0. 
26 — 625 + 9a! —16z? — 407 — 250 = 0. 


We R TR WP H 
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CON AP Ravel 


STURM’S THEOREM. 


146. In a preceding chapter were given several theorems 
regarding the limits between which the real roots of an equa- 
tion must be found. Allusion was also made to methods pro- 
posed by Rolle and Waring for separating the roots. The ob- 
jection to these methods was not only the excessive labor 
required in their practical application, but also the fact that 
they leave the number of real roots existing in an equation 
doubtful till we have actually ascertained the situation of 
each. 

The method about to be explained is the only one hitherto 
proposed by which the number of real roots can be deter- 
mined a priort. Comprising the solution of a problem that 
had engaged the attention of analysts for above two centuries, 
this method is distinguished as much by the simplicity of the 
process as by the exactitude of the results attained. 


14%. Srurm’s Functions. — Drer.—Let Y = 0 be an 
equation of the 2” degree, having no equal roots,* .X, the 
first derived function of Y, and X,, X3,....X,, the series 
of remainders obtained in performing the operation of obtain- 
ing the greatest common measure of Y and 1, care being 
taken to change the signs of each remainder before employing 
it as a divisor,t changing the sign of the last remainder also ; 
the series of functions, 


DOP O OPE eet 6 
we shall refer to as Sturm’s Functions. 
* If the proposed equation have equal roots, the fact will be discovered (92) by our 


arriving at a zero remainder in the course of the process. It will be seen (156) that, 
in such a case, the theorem holds good for the preceding remainders. 


+ In the ordinary operation for the G. C. M. it is merely a matter of convenience 
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148. Srurm’s THEoREM.— Let a and B be two numbers, 
such that a < (, then the excess in the number of variations 
of sign in the series of functions, 


aG Xj; X2, Nope ns Ans 


when a is substituted for z, over the number of variations 
when £ is put for z, expresses the number of real roots of the 
equation X = 0 that lie between a@ and ~. 

Let Q,, Q2,----Qn1, denote the quotients obtained in the * 
successive divisions; then, since the dividend is equal to the 
product of divisor and quotient, plus the remainder, or minus 
the remainder with its sign changed, we have the following 
relations existing among the functions : 


Ni ee XX — 1X5, (1); 
XY — QV» 2 = X3, (2). 
4 = % XX — XM, (3). 


has —_ ?,. X, Bin Aptis (r). 
Xn-2 = po n=l Ge (n—1). 


From these equations we deduce the following conclusions : 


I. Two consecutive functions cannot vanish simultaneously 
for any value of x. For, if possible, suppose XY; = 0 and 
X, = 0 at the same time. Then, by Eq. (2), we shall have 
X,= 0; and if X,=0 and X; = 0, then, by Hq. (3), we 
have also X, = 0, and so on to the last equation, which will 
give X, = 0; but this is impossible, since, by supposition, 
X = 0 has no equal roots, and therefore Y, must be a nu- 
merical remainder, independent of z. 


I]. When any function, except X, vanishes, the adjacent 
functions have contrary signs. Suppose, for example, X, in 
Eq. (r) vanishes, then we have XY,.. = — X74. 


whether we do, or do not, change a remainder before employing it as a divisor; here 
this change is an essential part of the process. Subject to this condition we may 
multiply or divide a remainder by any convenient number as in the ordinary process. 


5 
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II. XY and X, have contrary signs immediately before X 
vanishes for some value of x, as x = c, and immediately after, 
A and X, have the same sign. 

Denote X and X, by f(x) and f(z); put e+/h for z, 
then (7) 


Feet =f £hfile)t+ &e., and fi(e +h) = fic) + &e., 


and /, may be taken so small that the signs of f(¢ +) and 
fi(e +) will be the same as those of the first term in their 
expansions that does not vanish. But f(c) = 0 by suppo- 
sition, while, by I, fi(c) cannot vanish at the same time. 
Therefore, when / is taken small enough, the signs of f(¢-+h) 
and fi(¢+/) are the same as those of +/f,(c), and f,(e) 
respectively, and these differ in sign when / is negative, and 
vice versa; that is, XY and .X, have contrary signs when 
x =c—h, and the same sign when x =c-+h, h being a 
quantity as small as we please. 

Hence, as x increases through ec, a root of XY = 0, one 
variation of sign is lost in the series of Sturm’s Functions. 


IV. No variation of sign ts either lost or gained when any 
function, except X, vanishes. 

For suppose YY, to vanish for some value of 2, then, by II, 
X,-, and X;,,; have contrary signs, and with whichever of the 
two YY, agreed in sign just before it vanished, it will agree 
with the other after it has passed through zero, and changed 
sion; thus no variation of sign is either lost or gained when 
X, passes through zero. 

By I no two consecutive functions can vanish at the same 
time. If two or more, that are not consecutive, vanish for the 
same value of x, then, if XY be one of them, it follows, by II, 
that a variation of sign is lost as x increases through that 
value; and, if XY is not one of them, by IV no variation is 
lost, or gained. Thus we see that Sturm’s Functions never 
lose a variation of sign except when z increases through a 
root of XY = 0, and no variation is ever gained. Hence 
the number of variations lost as x increases from a value a 
toa greater value B is equal to the-number of real roots of the 
equation X = 0 that lie between a and f. 
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149. Scuorium I.—It may not be at once evident to the 
student how it is that Y, which (III) is of the same sign as 
XX, immediately after z has increased through a root of 
AX = 0, is again of the contrary sign before 2 increases 
through the next root. This becomes clear upon considering 
that 4, being the first derived function of Y, must, by 
Art. 82, become zero, and therefore change sign for some value 
of xz between any two successive roots of Y — 0. Thus 1, 
which was of the same sign as XY just after x increased 
through a root of XY = 0, will be of the contrary sign before 
a increases through the next root of Y= 0. By IV, this 
vanishing of 11, or of any of the functions of inferior de- 
gree, does not alter the number of variations of sign in the 
series of functions, but merely changes the distribution of the 
plus and minus signs in the series. 


150. Scu. 2.—If for some value of z, any of the inferior 
functions, as Y,, becomes zero, we may omit that function 
when counting the variations; for the sign of the vanishing 
function must form a permanence with the sign of one or 
other of the adjacent functions. 

151. Cor. 1.—If in the series of Sturm’s Functions we 
successively put — m and + w for 2, the excess of the num- 
ber of variations produced by the first substitution over the 
number produced by the second is equal to the whole number 
of real roots in the equation. 

When +. is put for 2, the sign of a function is always 
the same as that of the highest power of z in that function ; 
the series of signs for x = + ™ is therefore the same as the 
series of leading signs in the functions; the series of signs for 
% —=— wm may be easily derived from the preceding, by changing 
the signs of the leading terms that contain odd powers of 2. 

152. Cor. 2.—Jn order that an equation of the n” degree 
may have all its roots real, it is necessary and sufficient that 
the functions be n +1 in number, and ail of the same sign 
in their leading terms. 

The functions will, in general, be » + 1 in number, since 
each remainder is usually only one degree lower than the pre- 
ceding one. If, then, there be 2 +1 functions, all having 
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the same leading sign, there will be variations of sign when 
x= — om, and no variation when 7 = + ™; there are 
therefore n real roots. If there be fewer than n +1 functions, 
then, even when the leading signs are all alike, the substitution 
of — w» for x will give fewer than 7 changes of sign, there are 
therefore fewer than x real roots. 


153. Cor. 3.—Jf the functions be n + 1 in number, but 
not all of the same leading sign, there are as many pairs of 
umaginary roots as there are variations in the leading signs. 

For suppose there are m variations of sign in the leading 
terms, then for z= + there will be m variations and 
nm —m permanences of sign. For 2 = —wow the foregoing 
variations become permanences, and the permanences, varia- 
tions; that is, for 2 = — w there are » — m variations. The 
excess of the number of variations for 7 = —wm over the 
number for « = + ow is, therefore, » — 2m; thus there 
are n — 2m real roots in the equation, and consequently 2m 
imaginary roots. 

154, Cor. 4.— The number of positive real roots is equal 
to the excess of the number of variations in the signs of the 
final terms of the functions, over the number of variations of 
sign in the leading terms. 

For when « = 0, the functions reduce to their final terms 
and present as many variations of sign as these do, and for 
2 — + wm the functions have the same signs as their leading 
terms; hence the number of variations in the signs of the 
final terms, diminished by the number of variations in the 
leading terms, represents the number of real roots between 
0 and + w. 


155. Thus, when once we have obtained Sturm’s Functions, 
we can, by mere inspection of the signs, determine, not only 
how many of the roots are real and how many imaginary, but 
also how many of the former are positive or negative. 

To ascertain the situation of each of the positive roots, we 
successively substitute in the functions the series of numbers 
0, 1, 2, 3,.... &e., till we reach a number that makes the 
number of variations of sign in the series of functions equal 
to the number of variations in the leading terms. ach loss 
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of a variation in the signs of the series of functions indicates 
the passing over a root. If more than one root be found to 
lie between successive integers, we may proceed to substitute 
‘successive fractions till we separate the roots. 

The situation of the negative roots is determined in a simi- 
lar manner. 


156. The theorem has been proved on the supposition that 
X = 0 has no equal roots. . We shall now show how to pro- 
ceed when in the operation for finding Sturm’s Functions we 
obtain a zero remainder, showing that the equation has equal 
roots. : 

Let the equation XY = 0 have equal roots, then Y, 1, X32, 
and the functions that follow will have the last function X, as 
a common divisor. We can, by dividing Y by the common 
divisor, obtain the function which, equated to zero, will (94) 
contain all the roots without repetition. But this is not 
necessary, since the factor X,,, being common to all the pre- 
ceding functions, its presence or absence will not affect the 
number of variations of sign for any given value of a. For, 
if Y, is positive for that value of 2, its presence as a factor 
will not affect the series of signs at all, while if X, is negative 
it will reverse all the signs. Hence, when we discover that 
X = 0 has equal roots, by the fact of some remainder becom- 
ing zero, we can employ the preceding functions to determine 
the number and situation of the real roots that are unequal. 

The common factor X, which contains the remaining roots 
may be analyzed separately to ascertain how often each root is 
repeated. 


157. If in the course of the operation for obtaining the 
functions X,, X3, &c., we come to one X,, which we know 
cannot change its sign, we need not proceed to find the re- 
maining functions. For in the demonstration of the theorem 
the necessary property of the last function is that it be 
incapable of becoming zero. As, by supposition, XY. cannot 
vanish, the demonstration holds good for the functions from 
X to X,. The fact that a function cannot change sign is 
most readily observed in the case of a quadratic function, 
which will generally be the second from the final remainder, 
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As the labor of finding Sturm’s Functions increases very 
rapidly with the degree of the equation, and especially with 
the last functions, it is of some importance to save, if possible, 
the labor of computing these functions. 
Ex. 1. Let the equation proposed for analysis be, 
X = 8 — 47°*—11¢z+ 43 = 0, then 
X= 322 = 82 ~ 11, 
AX, = 2x — 7, omitting a factor 49, 
Dept Ay 
By Cor. 2, the roots are all real, and, Cor. 4, two are positive ; 
we arrange the series of signs for different values of w as in 
the following scheme : 





x A€ xy Ag As Variations 


| ff 


Opt sti |p Saas aie 2 
1} +/—]— |-+ 2 
2 | + — | — + 2 
3) (51 ih oe 2 
4) —] +] +] 4 1 
Weems ics) | 4: 0 


There are at first two variations of sign, and the number — 
continues the same till, for 2 = 4, we have one variation only ; 
a root therefore lies between 3 and 4. For « = 5 the remain- 
ing variation is lost ; thus another root lies between 4 and 5. 

It will be sufficient to substitute for z in XY alone, when 
but one root remains of a certain sign, as a change of sign in 
the final term will show when the root is passed. Thus to 
find the situation of the negative root in this example, we 
need only substitute negative values for z in Y. We find this 
root to lie between — 3 and — 4, 


Ex. 2. Let XY = 2° — 523 +102? — 207 — 15: = 0, “hen 
X, = vt — 3a + 4¢ — 4, omitting a factor 5, 
Xe = 2a° — 6x? + 16x + 15, 
AX,= — 3601e + 3481, 
GS — ae 
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In this example the sign only of the final function is deter- 
mined; for this function, being independent of x, does not 
change sign. As in this, so in other examples, it will be 
sufficient to perform as much of the numerical work as will 
enable us to determine the sign of the final remainder, which 
sign, when changed, will be the constant sign of the final 
function. 

A glance at the leading signs informs us, Cor. 3, that the 
equation has two imaginary roots; by Cor. 4, there is but one 
positive, and therefore two negative roots. Arranging the 
series of signs as before, we have, 


Mee exe |. Xs, | Xe 1X, ~|Vertations 
peace |e) — fo 4 
=e eS fd pee ee al ae 3 
—2} +} —] —~| —~] +] - 3 
—1}/ + }/—-—-]—] +] 4+) - 3 

Dee” ser ee i me a 2 
Meee erry diet | 2 
Oe AL ae SA eee (ee 2 
3] +] +] +) +)/—-)] - 1 


By noting where the losses of variations occur, we see that 
the roots are situated in the intervals, (—4, —3), (—1, 0), 
(2, 3). 


Ex. 3. Let X = 2§— 60z'+ 1028— 120z°+ 6% — 1650 = 0, 
then AX, = 2 — 4023 + 52% — 40z + 1, 
1X, = 424 — 28 + 16a? — x + 3830, 
A, = VWOl2? — 682? + 19592 + 314, 


AX, = — 672882? + 5530672 — 40501906, 
AX, = 11038164267%zr + 917865361528, 
aa 


Here we see by inspection of the leading signs that there are 
four imaginary roots, and of the real roots one is positive, the 
other negative. We can, therefore, readily ascertain the situa- 
tion of these roots from YX alone. The roots lie in the inter- 
vals (—8, raat ape 8). 
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159. The labor of computing these functions is evidently 
very great, and that of substituting different values of x in 
them, in order to ascertain the intervals in which the roots lie, 
is not much less, even when we content ourselves with deter- 
mining between what integers they lie. In the above example 
the three roots between 0 and 1 are respectively .366600.., 
.366660.., and .366661.., all three concurring to four places 
of decimals, and two of them to five places, so that the task 
of separating them by means of fractional substitutions in 
Sturm’s Functions would be even more laborious than that of 
obtaining the functions.* 

Upon the whole we must reach the conclusion that this 
celebrated theorem,+ though the most important and interest- 
ing addition to the Theory of Equations that has been made 
in the course of the past two centuries, and though offering 
an infallible means of determining, not only the number of 
real roots in an equation, but also the exact situation of each, 
is too laborious in application to be generally available for 
equations of above the fourth degree. 


EXERCISES. 


Find the intervals in which lie the real roots o the follow- 
ing equations : 


1 a — 6e+ %e —3 = 0. 

g — 822 4+ 132 —11 = 0. 
hao — 397? + 24¢ — 25 = 0. 
a — 572 822 + 77 + 2 — 0. 
ieee od + 6 — 0, 

pet. ge — QF + 874 —2 — 0. 


Do go 


* It will be shown in the course of the next chapter, in connection with Horner’s 
Method, how such roots may be readily separated without the aid of Sturm’s 
Functions. 

+ The theorem was discovered by M. Sturm in 1829; received the mathematical 
prize from the Académie Royale des Sciences; was published in Memoires présentés 
s eee par des Savans Etrangers, 1835. 
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HORNER’S METHOD.* 


160. In the preceding chapter a method has been given 
by which we can determine the situation of each real root in 
a proposed numerical equation. We have now to consider a 
method of remarkable simplicity and elegance, by which we 
can, after determining the first figure of a real root, ascertain 
its value exactly, if commensurable, or, if incommensurable, 
to any degree of approximation desired. 


161. Suppose that in an equation f(x) = 0 a positive real 
root is #=a+.a' +a" + &, where a, a, a’, &., are its 
successive figures in descending order of the decimal scale, 
and that by a previous analysis, or by trial, we have ascertained 
the first figure @ of this root. We proceed to transform 
f(z) = 0 into another equation f(a+ xz’) = 0, whose roots 
are those of f(x) = 0, each diminished by a. We now pro- 
ceed to ascertain the next figure a’ of the root to which we 
are approximating, and then transform f (a+ az’) =0 into 
another equation whose roots are each less by a’. Proceed- 
ing in this way, we determine in succession the figures 
a, a, a’, &e., till we have either obtained the root exactly, 
or to as many figures as are necessary to the degree of approxi- 
mation required. 

The points in which the superiority of Horner’s Method 
consists are: (1). The successive transformed equations are 
obtained from the preceding equation by the compact and 
easy process already given in Art. 69, (2). After the first 
figure of the root has been obtained, we are guided with more 


* This method, named after its author, Mr. Horner, of Bath, England, was pub- 
lished by him in the year 1819. 
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or less exactitude to’ the next figure by a process which 
shall presently be explained. (3). After a few figures of the 
root have been determined, we can very much contract the 
operation, which ultimately becomes a case of contracted 
division. 

We shall now consider in order, I. The Method of Trans- 
formation; Il. The Method of Trial Divisors; III. The 
Method of Contraction. 


162. THe MeEtTHOD oF TRANSFORMATION. — This has 
been already explained and illustrated in Art. 69; we apply 
it as follows: 

Let f(z) = 328 — 13262? + 657627 — 9177 — 0, and sup- 
pose we have ascertained that a root lies between 500 and 400; 
we proceed to transform f(z) = 0 into f(400 + 2’) = 0, the 
roots of which are those of f(#) = 0, each diminished 
by 400. 











ae) — 1326 + 6576 —9177% | 400 
1200 —50400 —17529600 
—126 — 43824 —1%538777 = f (400), 
1200 429600 
1074 385776 = f, (400), 
1200 


2274 = 4 f, (400). 
Hence the transformed equation, whose roots = x — 400, is 
3a'8 + 22742"? + 385776a' — 17538777 = 0. 


We could now proceed to find by trial the next figure of the 
root (400 + 2’), and, when it is found, transform by the figure 
thus found; but we shall presently show how we may be 
guided to this figure without unnecessary trials. 


163. It is important to remark that if the root <A, to 
which we are approximating, is the only positive root having @ 
for its leading figure, then, in the transformed equation, 4—a 
will be the smallest positive root, and the only one whose lead- 
ing figure is in that order of the decimal scale which is next 
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below the order of a. For each root whose leading figure was 
less than a will be negative in the transformed equation, and 
all the roots whose leading figure was greater than a will have 
their leading figures of higher orders than a’, the leading figure 
of d—a. Thus supposing the roots of an equation to be 
7, 34, 49, 56.3, 78, 290, and we diminish each by 50, then 
we have, — 43, —16; +1, 6.3, 28, 240, as the roots in the 
equation transformed by 50. 

If we again diminish each of these roots by 6, we obtain 
— 49, — 22, —7, .3, 22, 234, as the roots in the second 
transformed equation. ‘Thus the root towards which we are 
approximating becomes rapidly quite small as compared with 
the other roots. Similar remarks apply when there are two or 
more roots having the same leading figure. 


164. Mertuop or Triat Drvisors.— These are similar 
to those employed in the evolution of arithmetical roots, and 
are usually deduced as follows: 


If a+’ isa root of f(x) = 0, and x' is sufficiently small 
as compared with a, then — F(a) = = x approximatively. 


For, by Art. 69, when a+ 2’ is put for 2 in f(z) = 0, 
then 


fata’) = C,a™+.... $f:(e? + file + f(a) = = 0. 


Now if z’ is small as compared with a, we may neglect all 
the terms involving higher powers of z’ than the first; thus 


f(a) _ 


= 2’ approxi- 
fi(a) He 





we have f,(a)z’ + f(a) = 0, or — 


matively. 


165. The proposition is generally stated as above. It 
would be better to state the second condition under the form, 
if a' is small compared with the other roots. This will be 
more clearly seen from the following way of deducing the 
rule: 
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Let a, B, y, 6,...., and z, be the roots of the trans- 
formed equation f(a+z2') = 0, then, by Art. 45, we have, 
— f (a) = aByd...xz', and 
fi(a) = aByd...« + x (Byd...« + ayd...« + Xe.) 





a) a ee aByd. Ke af ap- 
fila) ~~ apyd..«+2'(Byd..«+ayd..«4+&.) 
proximatively, 


when z’ is small as compared with the other roots. 


166. The degree of approximation will evidently depend 
upon how small 2’ is as compared with the remaining roots, 
and will be in excess over, or defect from, the true value of 2’, 
according as aByd...« and a (Gyd...« + &c.) have contrary 
signs or the same sign. 

Now in 163 we saw that, if a + 2’ was the only root having 
a certain leading figure, then z’ is, even in the first trans- 
formed equation, a decimal as compared with the other posi- 
tive roots. Of the negative roots some may be numerically 
less than 2 in the first transformation (see 163), but at the 
same time these negative roots tend to diminish the expression 
a (Byd...« +ayd...«-+ &c.) by making the products vary 
in sign. 

Thus upon the whole it will be found that, even in the first 
transformed equation, if we divide minus the final term by the 
preceding coefficient, the figure thus obtained will not be far 
from correct; in many instances will be exactly so. In the 
second transformed equation the trial divisor will give the 
next figure of the root correctly, with comparatively rare 
exceptions. 

If the figure obtained is too great, we shall become aware 
of the fact before completing the first row of work in the next 
transformation, by seeing that the final sign will be changed, 
thus showing that the root has been passed over. We then 
try the next lower figure, and so on until we find one that does 
not cause a change in the final sign. If the figure obtained 
is too small, we shall not be warned of the fact in the same 
way, though we can generally infer, from the result produced 
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on the final term, whether the figure would require to be 
increased. In case of doubt, it would be prudent to try in a 
bye-operation, whether the next higher figure would change 
the final sign, which it ought to do if the figure obtained by 
the trial divisor is correct. Finally, if at any part of the opera- 
tion we transform by a figure too small, we shall be informed 
of the fact by the next trial divisor giving a figure of too high 
order to be correct. 


16%. Resuming consideration of the transformed equation 
of 162, 


3a'3 + 22740 4+ 3857762’ — 17538777 = 0, 

f (400) ra 1753... 
~*~ 17 (400) 38a 
transform by 40 as follows: 


we find that = 40 +; we therefore 





3 + 2274 + 385776 —17538777 ~~ | 40 
120 95760 
2394 481536 


We need proceed no further with this transformation, as it 
is obvious that, if completed, the final sign will be changed. 
We accordingly transform by 30, thus: 


3 42274 4.385776 —17538777 | 30_ 
90 70920 _13700880 
2364 456696 — 3837897 
90 73620 
2454 530316 
90 
2544 


and have the transformed equation 


3a"'8 + 25442"? + 5303162" — 3837897 = 0. 


f (480) 3887... 


AS SPATABO a0 see 


thus : 


= 7+, we transform by 7, 
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3 + 2544 + 530316 —3837897 = | 7 
Pel 17955 3837897 
25065 548271 
21 18102 
2086 566373 
a1 
2607 


Hence the equation has a root 437, since f(437) = 0. The 
remaining roots may be determined from the depressed equa- 
tion 3a'"? + 260%x'" + 566373 = 0, the roots of which, when 
increased by 437, are roots of f(z) = 0. 

For the sake of perspicuity we have exhibited each trans- 
formation separately in the preceding example; in practice 
we proceed as follows : 
































3 —1326 + 6576 meet abtit J AUD ERD Sy. 
1200 — 50400 —17529600, 
—126 — 43824 —17538777 
1200 429600 13700880 , 
1074 385776 — 3837897 
1200, 10920 3837897 
R274 456696 
90 73620, 
2364 530316 
90 17955 
2454 548271 
90, 18102, 
2544 566373 
21 
2565 
21 
2586 
21 
3 
2607 


indicating the corresponding terms of each transformation by 
a small index figure, or other mark. 
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168. Ex. 2. f(v) = 2 — 525 + 2a — 13% + 55 = 0 
has a root lying between 2 and 3; we proceed as follows : 




















1 = 42 m3 155. ae 
2 —6 — 8 aha 
—3 —d —21 13 
2 — —12, —10.1709, 
= —6 — 33 2.8291 
2) me = 82908 
1 —4 — 33.903 
2, 99 — O19, 
3 —3.01 — 34.482 
3 1.08 
3.3 —1.93 
3 1.17, 
3.6 — .% 
oF 
3.9 
3 
2 
4.2 
= ee 
In the first transformation we found Fy? o+, 
and transformed again by .3, as above. As we find 7 “eo 
nee 8291 aC 
T 54 499 = .08 +, we could proceed to transform again by 


.08, and so on for the remaining figures of the root. 


169. In practice it is found convenient, however, to dis- 
pense with the decimal points. This we effect as follows: 
When, in an equation of the n® degree, we have diminished the 
root, to which we are approximating, till the neat figure would 
be a decimal, we add n ciphers to the right hand working 
column when completed, (n—1) ciphers to the next column 
when completed, and soon. ‘This (59) is equivalent to multi- 
plying the roots each by 10, and by repeating this multiplica- 
tion at every transformation we are enabled to dispense with 
the troublesome decimal points in the working columns, the 
ciphers also serving to mark where a column was completed. 
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Beginning the example again, we proceed thus: 





























1 —5 +2 —13 +55 [2.381 
Fiod eat ai sais 
—3 —4 21 130000 
a = pee a ANIL 
—1 —6 —33000 282910000 
2 2 —903  —276123264 
1 —400 —83908 67867360000 
2 99 —579 — 34520621079 
30 301  —34482000  — 333467389210000 
3 108 —33408 
33 198° 34515408 
3 ly —5504 
36 —7600 —84520912000 
3 3424 290921 
39 —4176 —34520621079 
3 3488 295443 
420 —688  —34520325636000 
8 3552 
428 286400 
8 4521 
436 290921 
8 4522 
444 295443 
8 4523 
4520 29996600 
1 
4521 
penta 
4522 
als 
4523 
1 
45240 


In every instance in this example we have found the trial 
divisor give the correct figure for the next transformation, and 
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we could go on in the same way to find as many more figures 
of the root as may be desired. But when we examine the 
second working column, that which we employ as trial divisor, 
we observe that the addends from the column to the left have 
less and less influence upon the leading figures of this column. 
It is evident, indeed, that if we continue to perform the opera- 
tion without contraction, we shall soon have a large number 
of superfluous figures in the second and right-hand columns, 
which figures might be dispensed with without affecting the 
correctness of the result within certain limits. We therefore 
contract the work in the manner about to be explained. 


170. MetTHop or ContTRAcTION.— When we have obtained 
a root to two places of decimals by the uncontracted process, we 
can contract the operation by ceasing to add ciphers to the 
right-hand column when completed, by striking off one figure 
from the second column when completed, two from the third, 
three from the fourth, and so on. 

This, it will readily be seen, is equivalent to first supposing 
the coefficients formed as in the preceding article, and then 
dividing each by 10” (m being the degree of the equation). 
Taking, for example, the coefficients of the third transforma- 
tion above, 


1 +4520 +286400 —34520912000 +67867360000, 
and dividing each by 10,000, we have 
0001 +.452 428.64 —3452091.2 + 6786736. 


With these contracted coefficients we proceed as before : 





[452 428/64 —3452091|/2  +6786736 |196012 
ae 29 — 3452062 
|29 B25 2.062 3334674 
29 — 3106800 
—345203)3 227874 
8 —207118 
— 345200 20756 
3 —20712 
— 3]4|5|1/9|7 44. 
285 
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In the first step of this contracted operation, the trial 
divisor (ee *) indicates 1 as the next figure of the root. 
Though we have struck off all the figures of the fourth work- 
ing column, yet (as in contracted multiplication) we allow for 
its influence upon the third column, which thus becomes 29. 
We complete the transformation by 1, and strike off figures as 
before. 'The trial divisor now indicates 9 as the next figure ; 
we take no further notice of the fourth column, but, though 
we have struck off the remaining two figures of the third col- 
umn, we carry 3 from it to the second column, since .29 x 9 
= 3 to the nearest decimal. We then complete the trans- 
formation, and strike off another figure from the second col- 
umn. The rest of the work is merely a contracted division. 
The approximated root thus obtained is x = 2.381966012. ., 
and is correct to the last figure, which would be 1 if obtained 
by the uncontracted process. 





171. Another root of the same equation lies between 4 and 
5; we proceed as on the following page to compute this root, 
contracting from the third transformation. 

Observe here that the sign of the final term is changed in 
the first transformation. This arises from the fact that a root 
has been passed, that which we computed in 170. We ob- 
serve also that the trial divisor suggests a number far above 
the true value of z’. This arises from the fact that 2’ is not, 
in this transformation, much smaller, numerically, than the 
next root. 

In the remaining transformations the trial divisor invariably 
suggests the true figure. The root thus obtained, 


a = 4.61803399.., 


is correct to the nearest decimal. 


172. To approximate to the negative roots of an equation, 
we change the signs of alternate terms, thus (61) changing 
negative to positive roots, and proceed as in the above exam- 
ples. The roots thus obtained will, taken with the negative 
sign, be the negative roots of the equation. 
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1 ca ae a3 +55 | 4.618033996.. 
reg Pee ae —84 
1 et — 290000 
4 12 40 275856 
Bp ii 19000 — 141440000 
nay 5) 26976 77944941 
7 3800 45976 — 63495059 
4 696 31368 63224739 
“110 «= 4496 ~=—st«('78-4.4.000 — 270320 
7132 600941 238542 
“116 =: 228 17944941 —31778 
6 768 602283 _ 23856 
122 599600 —- 7854 722/4 — 7922 
6 1341. 48368 7156 
128 600941 7903090 — 166 
6 1342 48450 7116 
1340 © 602283-«=—s79515/4)0 —50 
1 1343 2 48 
1341 «6036/26 «79517 29 
Lt G10 Sp aie ee 
(1342 «©6046 = 79)/5)1]9 
1 10 
1343 «6056 
Lope 5 20. 
‘11344 «60/66 


173. By this compact operation we are thus enabled, when 
once the leading figure has been obtained, to approximate to 
any real root of a proposed equation with just the same amount 
of numerical labor that would be required for the extraction 
of an arithmetical root of an order corresponding to the degree 
of the equation. The extraction of the n” root of a given 
number WV is, in fact, nothing else than the solution of an 
equation of the form 2” — N = 0, and’may be performed by 
the same process, and with the same contractions, employed in 
the above examples. 
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174. We have thus far supposed the root to which we wish 
to approximate to be the only one beginning with a certain 
leading figure. We can, it is true, by means of Sturm’s 
Method, always separate real roots, however closely they may 
coincide. But, as shown in 159, the labor involved in doing so 
is excessive. It is now proposed to be shown that, guided by 
an extension of the rule aboye given in regard to trial divi- 
sors, we can safely proceed in the approximation by Horner’s 
Method, even when there are in the given interval several 
equal or nearly equal roots. 


175. It has been shown in Art. 164, e¢ seq., that in the 
transformed equation 


f(at+@z) = C,a*+.... $4 fi (a)z? + fi (a)z'+ f(a) = 0, 
when 2 is small compared with a, the part of the root 
already found, we may neglect all but the two last terms, 
fi (a) + f (2) = 0, from which simple equation we may ob- 
tain one or more figures of z’. Now if there are two nearly 
equal roots in the interval we are examining in f(a+z2’') = 0, 
then, since (82), the first derived equation* f, (a+z’) = 0 has 
a root lying between them, we should (164) obtain an approxi- 
mation to this root from the last two terms of 

fi(at+2) =n, a +....4f;(a)2?+ fo(a)z'+ fi(a) = 0, 
that is, — f\ (a) + f(a) = a’ approximatively when there are 
two roots having figures in common. 

Generally, if f(a+z’) = 0 has r equal or nearly equal 
roots, of which a is the leading part, then (82) the (r — 1)" 
derived equation has a root lying between the two least of these 
roots; that is, 


tana ee Ff, (a)z' + fr-1 (a) = 0 
has a root a little greater than the least of the r roots of 
fia+z') = 0, and, by Art. 164, an approximation to this root 
is given by the expression — f,.,(a) + f,(a). Therefore, 
' writing the transformed equation as 


Oyu +... Oe 4+ Cyne t+... O'3a84 Ona? t+ O72’ 
+ GC — VU. 


* By the rti derived equation is meant the 7¢4 derived function equated to zero. 
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and remembering that C’, = - f, (a), we have 
sa 0 ee ad Ree ee 
C;. 3 PPh BO oe Seal ria TOs 


as the respective expressions for suggesting the leading figure 
of the next transformation, according as there are one, two, 
three or 7 roots in the interval under consideration. 

We deduce, as follows, another set of expressions, which 
serve as a check upon those preceding. 

Let f (a+2') = (2) ¥(2’), where 7(z’) is the product of 
y equal factors (#’—«) and ¢(z’) the product of the n —r 
other factors, then putting 


De et — aC a eee AR ed Ps 
we) = a —ree.. pre ae Ke 
AF (OED) Ge ot ee Rites + (rDyn' — D,x")a' F Dyn" = 0, 
poet fOr is BR yy PONE ee C10; 
OA Dyk K zg! 





OF atte ene et —— = —, or —,; nearly when 
Gs 7TDo—KD,; Te Ti y 


small as compared with the other roots. 

If the factors in (z’) are not absolutely, but yet nearly, 
equal, the above conclusion will still hold; thus the ex- 
pressions 


ae Cat pane? OR rO'o_ B 
0"; b) 0", Beg) OG Gs ? 
ought to suggest the same value of wv’ as the corresponding 
expressions in A, according as there are two, three,....or 7 


equal, or nearly, roots in the interval under examination. 


176. When, therefore, we have ascertained that there are 
several roots beginning with a common leading figure, we pro- 
ceed as follows: 

(1). Transforming in the usual way, we diminish the roots 
by this common figure. 

(2). By means of the proper expression in A we determine 
the next figure. If the expression (A) at this stage suggests 
the exact figure, that from (B) will usually agree with it. 
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(3). We continue, at each transformation, to ascertain, in 
the same way, the common leading figures in succession, till 
either a discrepancy in the figures suggested by the expressions 
(A) and (B) warns us that the roots no longer coincide, or a 
change in the final sign shows that we have separated a root, 
which will be the least of those to which we were approxi- 
mating. 

(4). When we have thus separated a root, or group of roots, 
as the two groups do not differ much from each other in value, 
the divisors will not again be effective till we have ascertained 
the correct leading figure of each group and performed a 
transformation by that figure. We may then proceed sepa- 
rately with the approximation of each group, guided by the 
expressions in (A) and (B) appropriate to the number of roots 
in the group, till we separate these roots also, and carry on 
the approximation to each single root by means of the ordinary 
trial divisor as far as desired. 


Ex. 1. The equation 
a — 4372? + 3660 + 2826 = 0 


has two roots between 12 and 13; we proceed to develop them 
as shown on the next page. 


In the first transformation we find — oO or Boo) =< feen 


Cie 3630) 
toe eed wg +3 we transform by 7, and find 
20, ” 1945) A f 
that figure correct. In the next transformation we find both 
341 x 2 Fl 826 
826. 500 x2 
ing 0 as a figure of the root, add other ciphers to the working 
columns, and transform by 8. In the next transformation we 


anda’ — 


suggest 0.8; we accordingly, consider- 





: 293 x 2 24Ga ta 
begin to contract ; both 5 Thal and 50 x2 indicate 2 as the 
next figure, In the next transformation, after striking off the 


ED ees an 456 
contraction figures, we find eno indicates 0, and 50x 
indicates 4. The roots therefore coincide no further; we find 
that 1 produces a change of sign in the final term, showing 
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te Qt BL Bn +3660 +2826 | 12. 708203982 
1g! eee BELL —3876 —2592 
12  —823 iG 234.0000 
iv 288 — 420 — 2339659 
24 —_35 — 636000 34100000000 
12 432  —-—- 801763 — 34070626304 
36 39700 + —334237 29373696 
, 3409 325969 29202080 
480 43109 — 8268000000 171616 
v 8458 4009171712 — 132325 
‘487 46567 — 4258828288 39291 
Y 3507 4012423936 — 37937 
‘494 500740000  —24640435|2 1354 
"7 406464 10039395 —1251 
501 501146464 —14601040° 103 
” 406528 10039598 — 84 
50800 «01552992 ae ia 
8 __ 406592 (1505/9 
50808 Dae —44108|5 
8 10116 1506 
50816 = 0196974. ei: 
8 101\6 45 
50824 =: 5019799 — 4215 
8 102 45 
50|832 5/01/9801. += — 41/710 


that the figure of the lesser root is 0. We carry the contrac- 

7 
ay 
haye 3 suggested as the next figure, which proves to be correct. 
Carrying on the approximation for a few steps further, the 
correct figures being indicated in succession by the trial divi- 
sors, we find a root x = 12.%708203932, which is correct to 
the last figure. 

To approximate to the remainder of the other root, we take 
the transformation at which the roots separated, and find by 


tion a step further, and by the ordinary trial expression 
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trial that 8 is the greatest figure which does not cause a loss 
of two variations of sign. We proceed as follows: 

















5/01/98 aoe +171616 | .0000869364 
401584 — 436482 
—54560)2 264862 
401584 226286 
34702/4 — 38576 
3012] 37059 
BU 714/4 —1517 
3012 1249 
4072/6 —268 
45/1 250 
A117\7 —18 
45 
4/1)6|3 


Adding these figures to those already obtained, we have as a 
second root « = 12.7082869364.., which is correct to the 
nearest decimal. 


Ex. 2. The equation, 
ta + 391a4 + 537628 — 23442? + 3362 — 16 — 0, 


has three roots between 0 and 1. Before proceeding with the 
solution, as on the two following pages, we multiply the roots 
by 10, so as to dispense with the decimal points. We find 














B60 <3 = 1+, and Sai! =1+. We transform by 1, and 
336 537 x3 

in the first transformation find seas 44+., and Bu 

300 5 55 x3 
= 4+, showing that the three roots still coincide. In the 

: : : R9IxX3 399 

second transformation we find 938° 2-+-, and BB x3 
= 2+, which figure must still be common to the three roots. 
But in the third transformation we find a ~ = 1+, while 
aie = 3+, showing that the roots no longer coincide. 


Upon trying 1, we may infer from the effect upon the final 
6 


4.3910 
3917 
3924 
3931 
3938 
39450 7 
39478 
39506 
39534 
39562 


395900 ” 


395914 
395928 
395942 
395956 


39/5970 ° 


3 


+ 537600 


3917 
541517 
3924 
545441 
3931 
549372 
3938 
55331000 7 
157912 
55488912 
158024 
55646936 
158136 
55805072 
158248 





5596332000 * 


491828 
5597123828 
191856 
5597915684 
191884 
5598707568 
791912 


5599499|470° 


39)6 
tase 


LEER: 
9/6 


GeO 

39\6 
5]500|058_ 
5 4 
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— 2344000 
541517 


— 1802483 


545441 


— 1257042 


549372 
— 707670000 * 
221955648 
—485714352 
222587744 
— 263126608 
223220288 





— 39906320000 ” 


11194247656 
— 28712072344 
11195831368 


— 17516240976 
11197415136 


— 63188258)40 ° 


559953910 
*—57588719/4 
oon 
—51989140/8 
5599618/2 
—463895|22 
16798|97 
—447096|2 
ae 
— 430297 
16799 
—4134/98 ° 
28/99 
— 4106/98 
28 
Rarer 


—40)51 
6 


4 
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+. 3360000 —1600000 | .1421356 
— 1802482 1557517 
1557517 — 4248300000 * 
—1257042 42417570368 
3004750000 * ~ — 2963200000 * 
— 1942857408 12874910624. 
1061892592 — 88289376 ° 
— 1052506432 82908618 
93861600000 * — 5380758 * 
— 57424144688 5251977 
36437455312 ne SEG EA be 
— 35032481942 12'7210 
140497337/0 yar 
—558871914 1570 
829086176 Tos L 
—51989140/8 
~ 309194716 4 
—1341288]6 
1750659|0 
ci 
45976|8 © 
_sosadle 
— 2544119 
Sei 
—504/7 
243/1 
2611/6 
242 
19 


term that this is a correct figure either of a single root, or of 
two roots. Upon completing the Pare we find that 


the 1 is a figure of a pair of roots, for = 3+ and also 


538 x 
309 309 
TAY 3+. In the next transformations, till the final col- 





umn is exhausted, we find both expressions, — oe and 
aa YEP , continue to agree in the figures indicated. We may 
2 


therefore suspect that the roots are equal. How we may 
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verify this inference will be hereafter adverted to (187). To 
compute the remaining figures of the third root, whose leading 
figures were .142, we take the transformation at which the 
_ roots separated, and finding by trial the next figure 8, we pro- 
ceed by the contracted process to find some more figures, the 
trial divisor indicating the remaining figures correctly. We 
thus find the third root, « = .14285714... 


177. These examples show that Horner’s Method is quite 
equal to the separation of, and approximation to, roots, how- 
ever closely coinciding in their leading figures. Such equal, 
or nearly equal, roots, which have usually been regarded as 
presenting great difficulties to the calculator, may really be 
approximated to with greater facility than the others, since, 
guided by the trial expressions A and B, we are enabled to 
calculate a part of several roots simultaneously as far as they 
coincide, and then pursue the approximation with contracted 
coeflicients after the single roots, or groups of roots, diverge. 
For practice we subjoin a few equations, each having a pair of 
roots lying between 0 and 1, and coinciding for several figures. 
When, as in these examples, there are only two such roots in 
a given interval, the separation is easily effected by means of 


the trial expressions — zt ander 

Get 20", 
the same figures till the roots separate. At that point, we find 
by trial the correct leading figure for each, and after transform- 
ing, carry on the approximation to each by means of the ordi- 


nary trial divisor. 


, Which will suggest 


ES ERCISES. 


at + 15208 + 510122 — 67802 + 2210 = 0. 

at + 21498 + 1013522 — 8508e + 1770 = 0. 

gt + 28408 + 1917122 — 285302 + 10500 = 0. 

at + 21803 + 1047422 — 17808¢ + 7440 = 0. 

at + 18843 + 865122 — 79002 + 1786 = 0. 

a + 40at + 57543 + 158822 — 8487 + 104 — 0. 

a + Avot + 82303 + 496422 — 14542 4+ 104 = 0. 

a> + 63a + 50023 + 133422 — 7292 + 91 = 0. 

a> 4+. 93a4 + 23303 + 14822 — 3002 + 80 = 0. 

a> 4+. 17%3at + 235623 + 1046822 — 14101z + 4183 = 0, 


S60 OD. EOL ee 


i 
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CHAPTER X. 


ANALYSIS OF EQUATIONS BY FOURIERS THEOREM. 


178. The method of approximation explained in the pre- 
ceding chapter requires, as a necessary preliminary, that the 
situations of the roots have been ascertained by a previous 
analysis. Sturm’s Method is, indeed, fully adequate to the 
analysis of any numerical equation, but is at the same time 
excessively laborious in its practical application. The object 
of the present chapter is to show how the necessary informa- 
tion regarding the roots may be obtained independently of 
Sturm’s Theorem. 


179. Prop. I.—Fovurtier’s THEOREM.* 


Let f(x) =0 be an equation of the n™ degree, then tf a 
and b, of which a < 6, be successively substituted for x in 
the series of functions f(x), fi (x), fo(&),.... fir (&), consist- 
ing of f(x) and its successive derived functions, the excess 
in the number of variations of sign in the series when x = a, 
over the number when x = b, will not be less than the number 
of real roots of f(x) = 0 that lie between a and b. 


By Art. 8, no change can take place in the sign of any of 
the above functions except when x increases through a value 
that makes that function vanish. 

It has already been proved (148, III.) that ifa function f(z) 
vanish when 2 = c, then f(z) and its first derived function 
f(z) have contrary signs when z is indefinitely smaller than 
c, and the same sign when 2 is indefinitely greater than ec. 
This relation must evidently hold good with regard to f, (2) 





* The theorem is usually named after Fourier, though first published by Budan in 
1807. There is evidence, however, that Fourier had developed the theorem in MS. 
as early as 1797. 
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and its first derived function f2(~), and, generally, with regard 
to any function /, (2) and its first derived function f.,; (7). 

We have two cases to consider : 

I. Suppose that for some value between a and 0, as x = ¢, 
the 7 consecutive functions f(z), fi(z), f2(2),-..-fia(2), 
vanish, but 7, (v) does not. 

From what has been said above, these 7 + 1 functions will, 
when 2 is indefinitely smaller than c, present 7 variations of 
sign, and, when z is indefinitely greater than c, no variation. 

Hence, as x increases through a root c, that occurs r times 
in f(x) = 0, r variations of sign are lost in the series of 
functions, but none gained. | 

II. Suppose that when z= ec the m derived functions 
Ff. (&) to f-+m-1(@) vanish, but f..(z) and f,,,(z) do not. 

Then in the series of m-+ 1 functions f,(2),.... f+m(2), 
Frim(z), there will be m variations of sign when 7 is in- 
definitely smaller than c, and f(z) will have the same sign 
aS frim(@) if m is an even number, and the contrary sign 
if m is an odd number. ‘Therefore the series of m + 2 
functions, 


Te eB )avent = fra mai(t) >. rtm (?)s 


will, if the extreme functions, 7..,(z) and f(z), have the 
same sign, present m or m-+1 variations of sign (according 
as m is even or odd) when z is indefinitely smaller than «, 
and no variation when z is indefinitely greater than c; while 
if f,i(v) and f,,,(z) have contrary signs, there will be m +1 
or m variations (according as m is even or odd), when @ is 
indefinitely smaller than ¢, and one variation, when z is in- 
definitely greater than c. 

Hence, as 2 increases through a value that makes m con- 
secutive derived functions vanish, m variations are lost when 
m is an even number, and m-—-1 when m is an odd number ; 
that is, the number of variations lost in this way is always an 
even number, and none is gained. 

Thus, as 2 increases from a to 0, at least as many variations 
are lost (I.) as there are real roots in the interval; also if there 
are more variations lost than there are real roots passed, the 
excess must be an even number (II.). 
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180. Cor. 1.—/Jf the coefficients of an equation f(z) = 0, 
present m more variations of sign than those of the trans- 
formed equation f(a+2') = 0, then the number of roots 
passed in the transformation is m, or m minus some even 
aumeoer. 


For the coefficients of f(@) are the values of the functions, 


if 1 
pli he Os ALD AO £O, 


when 0 is put for z, and the coefficients of f(a+2’) are the 
values of the same functions when a is put for z. If, then, 
there are m variations fewer in the signs of the coefficients 
of f(a+2’) as compared with those of f(z), this is the same 
as a loss of m variations in the signs of the series of functions 
Fn (a).... f,(@).... f(@), a8 @ancreases from 0/1050) ennee 
indicating m roots in the interval, or m minus some even 
number. 


181. Cor. 2.—Jf no variation is lost in the signs of the 
coefficients of a transformed equation, as compared with the 
preceding one, there is no root in the interval. 


182. Cor. 3.—J1f any odd number of variations is lost, 
there is some odd number of roots in the interval; whether more 
than one, we cannot say. 


183. Cor. 4.—TIf any even number of variations is lost, 
there is either no root, or some even number of roots in the 
interval. 


184, Cor. 5.—Jf an equation have an odd number, p, 
of consecutive zero coefficients, these zeros indicate p+1 
imaginary roots, according as the zeros occur between similar 
or contrary signs ; tf there be an even number, q, of consecu- 
tive zero coefficients, these, whether they occur between similar 
or contrary signs, indicate q imaginary roots. 


This follows from Art. 179, IL; for if we imagine the pro- 
posed equation transformed into another, having as roots those 
of the proposed each increased by an indefinitely small quantity, 
the zeros would be replaced by numbers having alternately 
positive and negative signs, while if the roots were diminished 
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by an indefinitely small quantity, the zeros would be replaced 
by numbers having the same sign, and, as by supposition, the 
zeros occur between terms that are not zero, variations have 
been lost that do not indicate real roots. 


185. General directions for the application of this theorem 
to the determination of the intervals in which positive roots 
may lie, may be given as follows: 


(1). Transform successively by 10, 100, 1000, &c., as far as 
necessary, so as to ascertain how many roots may be found in 
the intervals [0, 10], [10, 100], &. This step may in many 
cases be omitted, as a cursory application of the rules for 
limits (75, 76) may show that there can be no root so great 
as 10, &e. 

(2). Proceed by successive transformations by 1 to find be- 
tween what units the roots in the interval [0, 10], if any, lie, 
singly or in groups; for those in the interval [10,100] we 
proceed by 10’s; for those in the interval [100, 1000], by 100’s. 


(3). Roots found to lie singly between consecutive units, or 
tens, or hundreds, may be regarded as ready for the application 
of Horner’s Method, since we have thus the leading figure of a 
root lying singly. But if more than one root is indicated be- 
tween consecutive tens, we proceed to subdivide the interval, 
by successive transformations by 1, till we find between what 
successive integers the roots lie singly or in pairs; we proceed 
similarly when several roots are indicated between consecutive 
hundreds. 


186. By this process we are thus enabled either to obtain 
the initial figure of each root singly, or arrive at intervals of 
consecutive units between which two or more roots may lie. 
Proceeding, in this case, to develop the roots according to the 
precepts given in Art. 176, we may find: (1) by their separa- 
tion after a few figures, that the roots in question are real and 
unequal (see examples in 176); (2) by their continuing to 
concur to seven or more decimals, we may infer that the roots 
are equal, and proceed to verify the inference in the manner 
shown below; (3) the roots are imaginary, of which we shall 
be made aware by tests presently to be explained. 
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18%. We shall illustrate each of these cases, taking for the 
first example the difficult equation, already given in Art. 158, 


Ex. 1. 26 + 37825 + 381892+ + 49236823 — 5725542 
+ 2187202 — 26352 = 0. 


As it is evident by inspection that there is a root less than 
unity, we first transform by 1. In transforming by such num- 
bers as 1, 10, &c., there is no effective multiplication, and the 
easy additions and subtractions may be performed mentally, 
the results only being set down as in the following example : 


1 +378 +38189 + 492368 —572554 4213720 — 26352 | 1 
379 +38568 +5309386 — 41618 +172102 + 145750’ 
380 +38948 + 569884 


We need pursue this transformation no further, as it is evi- 
dent that all the three variations of sign in the. proposed 
equation will be lost; we thus know that there is at least one 
real root in the interval [0,1], possibly three. 

To ascertain the intervals in which the negative roots may 
lie, we change the signs of alternate terms, and proceed first to 
transform by 10. 


1—378 + 88189 —492368— 572554— 7 13720— 26352 |10 
— 368+ 34509 —147278 — 2045334 — 2066. 160 —206696952’ 
— 358 + 380929 +162012— 425214—24919200' 
— 348 + 27449 + 436502 — 3939806’ 
— 338 + 24069 + 667192’ 
—328 + 20789' 
—318' 


As the number of variations remains the same, we know 
that there is no root in the interval [0, —10]. As inspection 
of the transformed coefficients makes it probable that a further 
transformation by 10 will cause a change in the number of 
variations, we proceed : 


1—318 + 20789 + 677192 —3939806 — 24919200 — 206696952 [10 
—308 + 17709 + 854282 + 4603014+21100940+ 4412448 


We need proceed no further with this transformation; one 
variation is lost, and it is plain that no more can be lost, since 
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the second term, at least, will remain negative; a root, there- 

fore, lies in the interval [—10, —20]. 

We now transform by 100, to ascertain whether more roots 

lie in the interval [0, —100]. 

1 —378 +388189 — 492368 — 572554 — 2138720— 28652 | 100 
—278 +10389 + 5465382 + 54080646 + 5407850880 + 540785061648’ 
—178 — 7411 — 194568 + 34623846 +8870285480' 

— 78 —15211 —1715668 —1386942954’ 
+ 22 —13011 —3016768' 

+122— 8:11’ 

+ 222 


No variations but the one due to the root in the interval 
{ —10, —20] are lost by this transformation ; no roots, there- 
fore, lie in the interval [—20, —100]. 

We proceed to a further transformation by 100: 


1+4+222— 811 —8016768 —136942954 + 8870235480 + 540785061648 | 100 
322 +31889 + 1221382 —124729754 —3602739920 + 180511069648 
422 +'73589 + 7481032 + 623373446 +.... 


We perceive already that the two variations will be lost in 
this transformation, indicating the presence of two roots in the 
interval [—100, —200]. We can now, starting from the trans- 
formation by 100, transform repeatedly by 10, or, what is some- 
times preferable, halve the interval by transforming by 50. 
Proceeding in this manner, we find a variation is lost between 
the transformations by 160 and 170, then employing only the 
first line of transformations, we easily find the remaining root 
is situated between 190 and 200. We have thus ascertained 
the presence of single real roots in the intervals [—10, —20], 
[—160, —170], [—190, —200]. Of the three roots indicated 
in the interval [0, 1] we know that one, at least, must be real. 
As these roots are quite small as compared with the others, we 
may expect the trial expressions (A) and (#) for three roots 
(175) to suggest the same leading figures, which they do, 
SEBS = .38+ and eles = .38+. Proceeding by the 
2137 492 x3 ' 
aid of these trial divisors to develop the roots, as in the exam- 
ples in Art. 176, we find the three roots concur in the first 
four figures; at the fourth transformation a discrepancy in the 
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figures suggested by the two trial expressions warns us that 
the roots no longer concur. By the loss of one variation, 
when we try 1 as the trial figure, we find the root separated is 
the smallest of the three, the remaining two we find concur 
in one figure more, then separate, showing that they too are 
real. 


Ex. 2. Yad + 39%a*-+- 537628 — 234422 + 3362 — 16 = 0. 


% +3891 +5376 — 2344 + 336— 16 {1 
398 + 5774 + 34380 +3766+3750 


Before the completion of the first line of transformation it 
is apparent that all three variations of the proposed will be lost 
in the transformed equation, thus indicating three roots in the 
interval [0,1]. To ascertain the situations of the remaining 
roots, we change the signs of alternate terms, and proceed 
thus : 


% —391 +5376 + 2344 + 336 + 16 | 10 
—321 +2166 424004 +2403876 + 2403776 
—251 — 344 +20564 + 446016 


—181 —2154 — 976 
—111 —3264 
— 41 
No variations lost; we transform again by 10 
7 — AL —3264 — 976 +446016 42403776 | 10 


+ 29 —2974 —30716 +138856 +3792336 
+ 99 —1984 —50556 —366704 

+169 — 294 —53496 

+239 +2096 

+ 309 


No variations lost ; we transform again 


7 +309 + 2096 — 53496 —366704 +3792336 [10 
379 + 5886 + 5364 —313064 + 661696 
449 410376 4109124 +1778176 


519 +15566 + 264784 


It was evident before the completion of the second line of 
this transformation that all the coefficients would be positive, 
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the loss of two variations indicating two roots in the interval 
{—20, —30]. But, from a comparison of the final term of the 
last transformation with that of the preceding one, the roots 
-would appear to lie much nearer to 30 than 20. It was there- 
fore worth while to complete the third line of the transforma- 
tion so as to obtain the coefficient C’,: we then find that 
es or ee = —(1+), and also Se = —(1+), 
from which we infer that 30 is greater than both roots by 1+, 
7. é., the roots lie in the interval [—28, —29], which inference 
is verified by trial.* Thus the roots of the proposed equation 
lie, three in the interval [0, 1], two in [—28, —29]. 

In Art. 176 the three roots in the interval [0, 1] we found 
to concur to three places of decimals, at the fourth figure one 
separating. The remaining two were found, even by the con- 
tracted process, to concur to seven places of decimals, a fact 
suggestive of the possibility of their being equal. 

Now, by Art. 95, if an equation have two incommensurable 
equal roots, it must have another pair, and be divisible by a 
quadratic factor having commensurable coefficients. If, there- 
fore, as in this example, besides the pair of roots supposed to 
be equal, another pair of roots is indicated in another interval, 
these, if the roots are really equal, must be, what may be 
termed, the conjugates of the supposed equal roots, and have 
their decimal parts the same, if the two pairs are of opposite 
signs, or complementary, if of the same sign; also the product 
of a conjugate pair must be integral. Here we have the sup- 
posed equal roots each = .1421356..5; the other pair, if the 
supposition is correct, must each = — 28.1421356..; the 
sum of a pair of these, with changed sign, is 28, their product 
is —4 approximatively. We try whether 2 + 28% — 4 will 
divide the first member of the equation ; as it does so, we know 
that there are two pairs of equal roots. 


* Whenever, in the course of our search, we find a root, or roots, indicated in a 
certain interval, we may, as in this example, employ the coefficients of that trans- 
formation which has the smaller final term to guide us to the next figure, the sign of 
the suggested figure showing whether it is to be added to the smaller, or subtracted 
from the greater, of the numbers between which the roots are indicated. Even when 
the final terms show no decided difference, the numbers suggested will often be com- 
plementary, or nearly so, thus showing how far we may depend on them. 
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Similarly, if 7» roots a + 0, where d is the decimal part, are 
found to concur_to so many places of decimals as to render it 
probable that they are equal, and there is another interval con- 
taining s possibly equal roots with an integral part 0, then if 
(a+0) (b+0) = ¢, an integer, approximatively, there is prima 
facie evidence that some of the roots are equal, in which case 
x? — (a+b)x + c* will divide the first member of the equation 
as many times as there are pairs of conjugate roots. 


Kx. 38. @ — a — 1528 — 52? + 532 + 51 = 0, 


We proceed as in the preceding examples to ascertain the 
interval in which roots may lie; as the method of procedure 
has been sufficiently exemplified, we shall give merely the 
results. 

[(o]. 1 —1 —15 — 5 +4 53 +851, two variations. 
fil. 1 +4 — 9 — 46 — 1 484 *« 
[2]. 1 +9 +17 — 89 — 99 +33, “ 
[3]. 1 +14 + 63 + 76 — 85 —78, one variation. 
[4]. 1 +19 +129 +3859 4317 — 9, “ oy 

It is evident that the remaining variation will disappear in 
the next transformation ; the positive roots are therefore real, 
and lie in the intervals [2, 3], [4,5]. To find the places of 
the negative roots, we change the signs of alternate terms, and 
proceeding in the usual way, obtain the following results : 


(Oo) d + 1 —15 + 5 +4653 —851, three variations. 
[1]. 1 + 6 —1 —24 +27 — 6, * BS 
[2]. 1 +11 +33 +19 + 5 + 3, no variation. 

We infer from the loss of three variations that there is, at 
least, one real root in the interval [—1, —2], possibly three. 
The fact that two of the roots are imaginary is shown at once 
by the test we are about to establish. 


188. Der.—In Art. 66 it was shown that if C, be the 
coefficient of 2” in an equation f(z) = 0, then 
O? — 20.417 Ca + 20 49° Coa 2C 43° C3+ &e., 
will [taken negatively if 2 occur in an even term in /(a)] 


* Or vw? —(a4+6+1)x% +c, when @ and d have like signs. 
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be the coefficient of (2)” in #’(2?) = 0, the equation that has 
for roots.the squares of the roots of f(z) = 0: this expres- 
_ sion, or its numerical value, we shall refer to as a coefficient 
function of f(z). ) 


189. Prop. Il.— There are at least as many imaginary 
roots in an equation f(x) = 0 as there are variations in the 
signs of its coefficient functions. 

For, since /’(a*) = 0 must have as many positive real roots 
as f(z) = 0 has real roots, the number of real roots in 
f (x) = 9 cannot be greater than the number of variations of 
sign in /’(z?), and consequently the number of imaginary 
roots cannot be less than the number of permanences of sign 
in (2). Now of the coefficient functions the first C,? and 
the last C,? are always positive, so that the number of varia- 
tions in the signs of the whole series of functions must be an 
even number, if any, and indicate an equal number of perma- 
nences in the signs of /(«), since the values of these expres- 
sions, with the sign of each alternate one changed, are the 
coefficients of /’(2?); the number of imaginary roots in 
J (@) = 9 cannot, therefore, be less than the number of varia- 
tions in the signs of the coefficient functions. 


190. Cor.—/Jf the square of any coefficient C, be less than 
C41°C,.1, the product of the contiguous coefficients, a pair of 
imaginary roots is thus indicated. 


Bey (ey Cat. Chat + Oar +0 at +. Gy 0, 
then the (r7—1)" derived function, when divided by |r—1, 


will have for its last three terms a ib) Co er ee Gey 


there will be a pair of imaginary roots in f,.(z) = 0, and 
therefore (88), inf (z)— 0, if °C? < r(r-+1) C4," C4, or 
Ce = Ge Con BNC d. TOTLIOTE «Uy Geicen Gig Cyt « 
This corollary will often be found sufficient to determine the 
character of the roots in a doubtful interval; in a nice case it 











may be important not to neglect the factor ier especially 


when 7 is a small number. 
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191. The test provided by the above proposition is so 
simple in its application that a glance at the coefficients of an 
equation will often suffice to show that some, if not all, of its 
roots are imaginary. 


Ex. 1. 2 4+ a+ a — 224 2¢4—1= 0. 
Here the coefficient functions, as found by the rule, are, 
1 —1.4+9 —2 +0 +1, fourvananone; 
there are accordingly four imaginary roots in the equation. 
It is obviously not necessary to obtain the actual values as 
we have done in this example, the signs alone being important. 


The first and the last are always positive, and the rest are 
usually obvious to inspection. 


Ex: 2. 27 — 2a5 — 325 + 49° — $67 + 6 = 0, 


When, as in this example, the equation is not complete, we 
must supply the place of the absent terms by zeros before 
proceeding to determine the signs of the coefficient functions. 
We here obtain the series of signs, + + — — + + —— 4, 
and see that there are at least four imaginary roots. 


Ex. 3. 526 — 192° + 4324 — 7528 + 4882?—412¢-+4 253 = 0. 


From this we obtain the series of signs, + — + —+—4, 
and see that the roots are all imaginary. 
In the last example of Art. 187 we arrived at a transforma- 
tion, 
1 +11 +33 419 +5 +83, 


where two variations had been lost, the corollary above given 
shows that the two roots in the interval are imaginary since 
5? < 19 x 3, thus completing the analysis of the equation. 
Having showed that variations in the signs of the coefficient 
functions indicate imaginary roots, we have now to prove the 
converse of that proposition. 


192. Prop. Il.— Jf an equation f(z) =0 have a pair 
of imaginary roots a + B/—1, there are certain limits 
A and p, one less than a, the other greater, such that, if the 
equation be transformed to f(y+x) =0, where y is any 
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real quantity between A and p,* one at least of the coefficient 
functions will be negative. 


_ (1). If f(z) = 0 be transformed into f(a+2’) = 0, in the 

latter equation the roots a+ 6~~W—1 will be reduced to 
+ B/—1, which roots in 7 (a+z2'") = 0 will become a 
pair of negative real roots, —G*, —G*. These (53) must pro- 
duce a oe of permanences in the signs of the coefficients of 
F(a+2” ¥ corresponding to which must be a pair of varia- 
tions in the signs of the coefficient functions of f(a+2'). Hence 
there is a transformed equation which has at least one negative 
function corresponding to the supposed pair of imaginary roots. 








(2). Supposing f(z) to be of the n™ degree, then 


PY +2) = Cat bs Sealy) +. fly )ee+fily)e! +fy). 


Forming the coefficient functions according to 188, we have 


023 | papha) |p pfmel)s--- LAP AMY) 
Pwr 


Of these functions, which are all of even degree, the first 
and last cannot be negative, and of the rest none can become 
negative if all the roots of f(x) =O are real (189). But, 
if f(z) = 0 have a pair of imaginary roots a +BVW—1, 
it has been proved that some one of these functions, say [ fi(y) |* ° 
— f(y) f(y), becomes negative, at least when y = a. This 
function must therefore become zero for some value of y 
greater than a, as m, and also, being of even degree, for some 
value 4, less than a. Thus, if the roots of f(z) =0 be 
diminished by any quantity between 4 and yp, at least one of 
the series of coefficient functions in the transformed equation 
will be negative. 


193. We say, at least one, for several consecutive functions 
may be negative for the same value of y, and these, in like 
manner, continue negative for values of y between other limits 














* The signs of these limits may of course be different, and one of the admissible 
values of y be 0, as in the examples in Art, 191. 
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[A’, »'], &c. If these negative functions were not consecutive, 
there would be more than one pair of variations, and therefore 
more than one pair of imaginary roots indicated. 


194, By considering the subject in the following manner, 
we obtain some insight into the relations existing between the 
limits [A, »] and the roots a + BW —1. 

Corresponding to a pair of roots a+ BW—1 in f(a) =0 
is a factor 2 — 2aw + (a+) in f(z), and a factor 
a — 2 (a? — B)2? + (a + 6)? in F(z). 

As long as a? > (? (where a’ = a — y), the real part of the 
imaginary roots (a’+ B»/—1)? in F(y+a'”) = 0 remains 
positive; but, since as y increases in f(y+2') =0, a’ be- 
comes smaller while @ remains constant, a’— G? first becomes 
negative; and, when y= 4a, the factor in F(y+2’”) = 0 
becomes a! + 2(7a? + B*, representing, as we have seen, a pair 
of real negative roots. As y still increases, a, after passing 
through zero, increases till it again reaches a value at which 
the coefficient — 2 (a?— G6") no longer causes permanences in 
the signs of F(y+2'"). Thus, as — 2 (a — 6) is positive 
only when a’ has a value between + 8 and —#, it would 
appear that the difference between A and » must generally 
be somewhat less than 2G, or 4 and p lie between a — B 
and @ = (3. 

Or, suppose F'(y+2'") = 6(2)[A—2(a?—B?)2 + (a? + B%)?, | 
where z= y +2’, and (2) is the function involving the 
squares of the real roots, and of those imaginary roots within 
whose limits we shall first suppose y does not here fall. The 
signs of (z?) will present a series of variations, say, 

amt) age Mort a et 

Now, if in the factor 24 — 2 (a? — B?)z* + (a? + B?)*, we 
haye a? = @, the series of signs in that factor will be 
+ 0-+, and the multiplication by that factor will merely 
add two variations to those of (2), since like signs will come 
under like: thus in this case y = a + B does not fall within 
the limits of @+6V—1. But if the signs of (2) do 
present a pair of permanences, let the series of signs be, 


+—-+—-+—-4+ 4+ 4,. 
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then the multiplication by the factor presenting the series of 
signs +0-+ will produce the series + —+—+—++++4+4, 
which may have four permanences: thus y = a + may fall 
within the limits of the roots a + B/—1, if at the same 
time it be within the limits of another pair of imaginary 
roots. 


195. Hence, if there be two pairs of imaginary roots, 
a+B/—1 and y+6/—1, then of the four quantities, 
a—B,a+B, y—d, y+, (1) if a+8 =or< y—4, the 
two, pairs of roots will indicate their presence by producing 
pairs of variations in the signs of the coefficient functions of 
different transformations: (2) if both a— and a+ lie 
between y —O and y + 0, the two pairs of roots will indicate 
their presence by four variations in the coefficient functions 
of some one transformation; this includes the cases where 
a = y, whether G@ = oO or not: (3) if a+ 6 lies be- 
tween y—O and y+, the two pairs of roots may or 
may not give. indication of their presence in the same trans- 
formation. 


196. If the difference between 4 and p be not less than 
unity, whenever, indeed, 4 and p do not both lie between 
consecutive integers, the character of imaginary roots is easily 
determined. For when in the course of our transformations 
to discover in what intervals roots may lie, we have narrowed 
down a doubtful interval to between two consecutive integers, 
one or other of these integers must, in the supposed case, fall 
between the limits, and one or other of the transformations 
have a negative coefficient function.* We shall first illustrate 
this, the more common case, by a few examples, leaving the 
more difficult cases for future consideration. 





* The function [/,(y)]* —f.(y) f(y) equated to zero, or ¢(y) = 0, of which \ and pz 
are roots, may be regarded as a limiting equation to the real parts of imaginary roots 
of f(x) = 0, just as f\(~) = 0 is to the real roots. The first derived function of 
oy) equated to zero, or f(y). (y) —S3(y)f(y) = 0, must have a real root between 
A and ». We could, therefore, if there were not easier methods, always thus deter- 
mine a value of y which would make f(y+2’) present variations in the signs of its 
coefficient functions, if the roots in the doubtful interval are imaginary, 
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Ex. 1. Let the equation proposed for analysis be, 
425 — 2824 — 392° + 5042? — 239% — 1855 = 0. 


We see that there is probably no root greater than 10; 
we therefore, transforming successively by 1, obtain the follow- 
ing results: 


[0]. 4 —28 — 39 +604 —239 —1855; three variations. 
[1]. 4 — 8 —111 +259 +560 —1653; « 

[2]. 4 +12 —103 — 82 +7383 — 949; « ss 

[3]. 4 +82 — 15 —279 +4328 — 385; « ef 

[4]. 4 +52 +153 — 92 —127 — 3155 one variation. 


Here two variations are lost, and since obviously 127° 
< 184 x 315, the roots indicated are imaginary. ‘The re- 
maining positive root must be real, and its interval [5, 6] is 
found by finding what number will make the final term 
positive. 

To find the intervals of the negative roots, we change the 
signs of alternate terms, and transforming successively by 1, 
obtain the following results : 


[OC]. 4 +28 — 39 —504 — 239 +1855;. two variations. 
fi]. 4 +48 +113 —4138 —1232 41105; “ AS 
[2]. 4 +68 +345 +254 —1507 — 875; one variation. 


The loss of a variation here shows that the negative roots 
are real, and one lies in the interval [—1, —2]. The remain- 
ing root is found, as above, to lie in the interval [—3, —4]. 
The proposed equation has therefore three real roots lying 
in the intervals [—3, —4], [—1, —2], and [5, 6], and two 
imaginary roots, the real part of which is not far from 4. 


Ex. 2. Let the equation proposed for analysis be, 
xv — 62° + 4023 +6022? —z7 —1=—0. 
Proceeding as above, we obtain the results : 


(o]. 1 —6 + 0 +40 + 60 — 1 — 13 three var. 
fi]. 1 + 0 —15 + 0 4135 +4215 + 93; two var. 
[2]. 1+ 6+ 0 —40 + 60 44381 +429; “ « 
[3]. 1 +12 +45 +40 + 15 +467 +887; no var. — 
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The loss of a variation indicated a real root in the interval 
[0, 1]; the loss of two variations in the interval [2, 3] leads 
us & apply the test for imaginary roots, and as, obviously, 
15” < 40 x 467, the roots indicated are imaginary. To find 
the negative roots, changing alternate signs, we have: 


[Oo]. 1 + 6 + 0 —40 +60 + 1 — 1; three variations. 
[1]. 1 +12 +51 +68 +63 +73 +87; no variation. 


Here three roots are indicated in the interval [0, —1], of 
which one must be real; but, since 63° < 68 x 73, the other 
two must be imaginary. The equation, therefore, has but two 
real roots, one in each of the intervals [—1, 0], [0, 1]. 


19%. In the preceding examples the presence of imaginary 
roots, where they occur, has been detected with facility, as will 
always be the case except when #, the coefficient of the imagi- 
nary sign, is so small that the limits [A, »] fall between con- 
secutive integers. 

When we arrive at a doubtful interval between two consecu- 
tive integers,* that is, one where the coefficients of neither 
transformation give indications of imaginary roots, the roots 
in the interval may be (1) real roots, equal or nearly equal, in 
which case we can, as shown in (187), by the aid of the proper 
trial expressions, determine them to any degree of accuracy 
desired ; (2) the roots, or some even number of them, may be 
imaginary, having @ small. Now the smaller 6 is, the more 
closely do the imaginary roots approach to being equal real 
roots, and the proper trial expressions will guide to successive 
figures of the real part of the roots, till a discrepancy in the 
suggested figures warns us that either a group of roots is 
about to separate, or that we have come within the narrow 
limits where the coefficient functions give indications of the 
roots being imaginary. In the case of a doubtful interval, 
therefore, we proceed according to the rules in Art. 176, and 
when a discrepancy in the trial expressions occurs, apply the 
test for imaginary roots. 


* One of which, obviously, must be within .5 of the roots, or real part of the 
imaginary roots. 
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Ex. 1. Let the proposed equation be, 
4ot — 62° — F235 + Sat + Ta — 232° — 222 —5 = 0. 


[Oo] 4—6 —7 + 8 + % —23 —22 — 5; three var. 
[1]. 4 +22 441 +23 —11 —30 —58 —44; one var. 


Here two variations are lost; and since 30° < 2(11 x 58 
+ 23 x 44), the roots indicated are imaginary. The remain- 
ing positive root is of course real, and its situation is easily 
found. | 

To find the negative roots, changing the signs of alternate 
terms, and proceeding as usual, we obtain, 


fol}. 44+6— %7— 8+ @% + 23 —22 +5; four var. 
[1]. 4 +384 4113 4187 4165 +100 +42 +83 no var. 


Here are four variations lost, and since 165° < 2(187 x 100 
— 113 x 42), two at least of the roots must be imaginary. 
Whether the other two are so, evidently depends upon whether 
the real root of f(z) = 0 in the interval separates them. 

5X2 Pw 

22 See co Oe 

roots, if real, to coincide in the two figures .46 at least; 

proceeding in the approximation, we find the roots agree in 

the four figures .4616, and separate at the fifth figure; these 
roots are therefore real. 


.47.., we may expect the 


Ex. 2. Let the proposed equation be, 
a — Jat + 251823 + 178702? + 461% — 82580 = 0. 
Transforming several times by 10, we obtain, 


fO]. 1—91 +2518+17870+  4617— 82580; three var. 
[10]. 1 —41 — 122448810+4 8034174 3458590; two var 
[20]. 1+ 9 — 762430550 +1629017+15941760; “ « 
[30]. 1 +59 4+ 598+23090+4 2107417 + 34814930; no var. 


By the loss of a variation in the interval [0, 10] a real root 
is there indicated ; the loss of two variations in the interval 
[20, 30] indicates two roots, which, without subdividing the 
interval, we see must be imaginary, since 598” < 23090 x 59. . 
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To find the situations of the negative roots, we change 
alternate signs, and, seeing that 8 is a superior limit, we 
transform several times by 1; thus we obtain, 


[0]. 1 + 91 +2518 —17870 + 4617 +82580; two var. 
[1]. 1 + 96 +2892 — 9760 —28200 4719387; “ “ 
[2]. 1 +101 +8286 — 498 —33655 +41966; “ “ 
[3]. 1 +106 +3700 + 9976 —24384 411201; “ “ 
[4]. 1 +111 441384 421722 + 7097 + 600; no var. 


The roots indicated in the interval [3, 4] may be real, as 
neither transformation has a negative coefficient function. 
The roots, if real, are evidently nearer to 4 than 3; as both 
— 600 x 2 —7097 


91999 ~ 9 — .16.. infer that tl 
4097 and 31722 x2 suggest 16.., we infer that the 


roots are not far from 3.83... We accordingly, proceeding 
from the transformation by 3, transform first by .8, and again 
by .03, though there is a slight discrepancy in the figures 
suggested by the trial expressions of the transformation by .8, 
the one suggesting .03.., the other .028... We obtain as 
the three right-hand terms in this transformation 19632.7. ., 
67.76.., 1.058.., and as obviously 67.7” < 19632 x2, the 
roots indicated are imaginary, the real part being not far from 
3.83.., and the imaginary part less than .05 VW — 1. 





_ Ex. 3. In the equation, 
w 4+-175524 + 27045028 + 142627502? —17791875a + 5484376 —0, 


two variations are lost in the interval [0,1]. Here the trial 
48 x2 1779 


1779 "4 Tepe xa 


ing with the approximation, as on the following page, we find 
the same figures suggested by both expressions in each trans- 
formation, till we have obtained .6129. At the fourth trans- 
formation the trial expressions suggest widely different figures, 
and as obviously 2198" < 108168 x 147 x 2, the roots are 
imaginary, having the real part about .6129, and the imag- 
inary part about .0001 VW — 1. 








expressions 4 both suggest .6. Proceed- 





198. When the imaginary part is very small, as in this 
example, we evidently cannot obtain evidence of the imaginary 
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character of the roots till we have carried out the approxima- 
tion to so many decimals as will make the real part a less 
than 2, the coefficient of “/— 1. Yet the labor of ascertain- 
ing that a pair of roots is imaginary with a very small imag- 
inary part is by no means lost. It is of great importance 
to recognize such roots, as we thus see that a very slight 
change in the final coefficient, or in the conditions of the 
problem that led to the equation, would change these imag- 
inary roots into equal, or nearly equal, real roots. The longer ~ 
the recognition of their imaginary character is delayed, the 
nearer do the imaginary roots approach to being real roots, 
and the more reason is there to revise the data in accordance 
with which the .equation was framed. Thus, in the cubic 
equation, 2? — ma — 2.143257 = 0, if we employ the ordi- 
nary approximation + = 3.1416, we obtain three real roots, 
two nearly equal: but if we employ the closer approximation 
m = 3.14159, we obtain only one real root, the other two 
being imaginary with 8 comparatively small. 


199. In point of facility, the method of analysis here pro- 
posed presents obvious advantages over that of Sturm. In the 
latter method the difficulty of the analysis may be said to 
increase in geometrical ratio with the degree of the equation, 
and the calculation of the functions is equally operose, whether 
the roots, from their close proximity, are difficult of separa- 
tion, or the reverse. In the method here recommended the 
labor of analysis may be said to increase only in arithmetical 
progression with the degree of the equation, and is, compara- 
tively, but little affected by the magnitude of the coefficients ; 
and the recognition of the character of the roots in a given 
interval is delayed only in proportion to the smallness of the 
quantity (real or imaginary) by which these roots differ. 
There is here no essential difference between the analysis and 
the solution of an equation, both being effected by one uni- 
form process consisting of a series of transformations by 
Horner’s Method, in which we first, by transforming over 
wider intervals, ascertain, by the rules established by Fourier’s 
Theorem, in what intervals roots may lie; then, by trans- 
forming over narrower intervals, assisted by the trial divisors 
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(176), we either succeed in separating the roots, or find by 
the criterion established in (189) that certain roots are imag- 
inary. 


200. The calculation of imaginary roots may, theoretically, 
be effected by transforming, by methods given in Chap. XII, 
the equation in which they occur into others in which the real 
parts, @ and @, occur separately as real roots, which may then 
be obtained by methods already given. Practically, however, 
when more than one, or at most two, pairs of imaginary roots 
occur in an equation, their calculation is very laborious. For 
some of the methods for determining such roots see Art. 
212-215. : 


EXERCISES. 


Find the real roots of the following equations: 


Lee 24+ 238 — 120? — o@ 4+ 2) 

2. w+ b25 — 152? — 772 — 10 — 0. 

3. zt — 462° — Ya +2 = 0. 

4, gf + 2a — 1232? + 4782 — 154 = 0. 

5. at — 1223 — 90a? — 92a + 120 = 0. 

6. a — 16a? + 352 + 8 — 0. 

Y. ot —Yo8 + 492 + 20 = 0. 

8. 2° — 4at — 1628 + 402? + 80% + 32 = 0. 

9, 2 — 1928 + 9%ar + 562 — 105 — 0. 
10. 2° — 3228 — 1812? + 5792 = 0. 
11. 2& — 378.4 2* — 307 4+5-—0. | 
12. 2 — 366323 — 758562? + 2589622 + 792076 = 0. 
13. | ah "698 ae sae Soom 
14. ° 2 — gt — 2023 + 482? 4-22 — 14 — 0. 
15. 2 + 3at — 7228 + 4a? + 10207 — 1164 = 0. 
16. 2 — 15223 — 1874a°-+ 284848 — 0. 
1%. a® — 3824 — 4028 + 21%2? + 1602 — 215 — 0. | 
18. 2 — 1225 + Sat + 10928 — 342° — 26% — 26 = 0. 
19. 2& — 3a5 + 324 — 7828 4+ 16522 — 1652 ++ 12650 eee 
20. 2% + a+ Ye? — 62 +6= 0, 
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CHAPTER XI. 


CUBIC EQUATIONS. 


201. A cubic equation, being of odd degree, has always 
a real root of sign contrary to that of the final term (11); the 
leading figure of a root of a cubic can thus be always ascer- 
tained by trying which is the least number that will cause the 
final term to change sign. Then, having calculated the root 
to which this number is an immediately superior limit, we can 
in various ways determine the remaining roots. ‘This manner 
of proceeding may, however, under certain circumstances 
prove more laborious than is necessary, and the determination 
of the remaining roots is not so easily effected as in the 
method of procedure about to be explained, by which the ten- 
tative character of the usual method is avoided, and the roots 
’ obtained with a minimum of calculation. 


202. As in Art. 122, let the roots 2, 2, 3, of 2+ gz 
+r= 0, be 2a, —(a+f), (—a—B8), in order of numerical 
yalue, and, as before, writing the coefficients in terms of the 
roots, we have, 


ws — (3a? + 3)a — (2a? — 2aB?) = 0. 





Hence 3a? + 3? = —q; 
re 4a? = — gq, when 8 =a, 1. e., when one root is in- 
definitely small, 
and 2a — »/—4q, the smallest possible value of 2, 
the sign of /— q¢ being taken contrary to 
that of 7. 
Again, as 3a?++ 3? = — gq, 
aes 3a? = —g, when 6 = 0, 7. e., when there are 
two equal roots, 
and 2a — /— 4q, the greatest possible value of 2, 


when the roots are all real. 
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pace as 3+ 3? = — gq, 
3a°?—y*? = — gq, when B = yV —1, 1. e., when there 
are two imaginary roots, 
and 2a > V—44, since 3a? > —q. In this last 
ease, if y? = or > 3a’, then ¢ is zero or positive, and we see 
by inspection that there are imaginary roots. 

Hence, if all the roots are real, the numerically greatest 
must lie between the limits »/— q and »/—4q, with the sign 
of — 7; also, since the superior limit »/—4q is equal to the 
inferior limit ~/—q multiplied by 1/4, which equals 1/48 
or 4 nearly, the inferior limit differs par the superior by less 
than 4 of the latter. Therefore, if we add one-third of itself 
to —q, the leading figure of the square root of the sum will 
be either the first figure of z,, or may be a unit too prea 
if the roots are all peal 





203. Again, since 
— 7 = 2a3 — 2a, 
/ —4r = 4/8a3—8a? < 2a when B is real, 
= 2a when B = 0, 
> 2a when 6B = ye 


Comparing these with the results of the preceding article, 
we find that ./—4qg >, =, or < ~/—4r, according as the 
roots are all real and unequal, there are two equal roots, or 
there are two imaginary roots, so that in every case 2, lies 
between \/—4q and »/—4r, both having the sign of the 
latter. We are now prepared to state the following rule : 





Given an equation 2 + qzu+r=0, where q is nega 
we determine by inspection the leading figures of / —4q and 
/—4r, taking both with the sign of the latter, then (1), if the 
first figure thus found is greater than the we the roots 
are all real and unequal and the first figure is either the 
leading figure of x, or may be a unit too great; (2), if the 
first figure is less than the second, there are two imaginary 











* In comparatively rare cases the leading figure of ’—%g may be greater than 
the leading figure of 2, by two units, as when —g is close on a square number, and 
at the same time the equation has one root very small as compared with the others. 
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roots, and the leading figure of 2, 1s not greater than the lead- 
ing figure of ~ —4r; (8), if both figures are equal, we have 
in each the leading figure of z,, but the remaining roots are 
‘doubtful. See foot of page 59. 


xed. bla — 62 — 0, 


Here, adding one-third of itself to 51 we have 68, and 
62x4 = 248; we see by inspection that 68 = 8+ and 
4/288 = 6+, the roots are therefore all real and unequal, 
and the leading figure of 2, is 8 or 7. 


Ex. 2. ee Go 36 =O: 


Here / — 9 — —94+, and /—4r = — 10+, there are 
therefore two imaginary roots, and the leading figure of 2, is 
—10, or — 9. 


Ex. 3. xv — 2778xa — 56429 = 0. 


Here /—4q = 60+, and “—4r = 60+, the leading 
figure of 2 is certainly 60; the remaining roots are doubtful. 
If it is desirable to ascertain their character without solving 
the equation, this may easily be effected by comparing 277° 
and 49°. 





204. We are in this way able to determine the leading 
figure of z, within very narrow limits. This root is also the 
most convenient for calculation, as there is no other of the 
same sign; it also differs from the others by 3a +, that is, 
by at least its own value, so that the trial divisors will be 
found quite as effective in guiding us to the second and suc- 
ceeding figures of the root as they are in the operation for the 
cube root, which, as before mentioned, is but the solution of a 
cubic of the form 2° + r = 0. 


205. When 2, has been found, we may, if it is commen- 
surable, depress the equation to a quadratic and thus find 
2, t3. In few cases, however, will the root be commensur- 
able; it will therefore be found most convenient, after approxi- 
mating to x, to six or seven decimals, to calculate the remain- 
ing roots by one of the formule deduced as follows: 
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Since 3a? + 6? = —q, .. B= + V—q—3a?, hence 
~(¢+8) = —f+ V—g— Fae 
Or, since 2a(a?—(*) = —r, and 3a?+(? = —q, we obtain 


~il4/ = 


Ott ae 


43? — Sopa. “. — (a+ 8) 


xo oie = 0; 


Here adding one-third of itself to '7, and multiplying 7 by 4, 
we obtain 9+ and 28, the square root of the first and the 
cube root of the second both begin with 3, which must there- 
fore be the leading figure of z,. For comparison we place, on 
the following page, side by side, the approximation to 2, of 
this equation, and the extraction of the cube root of 28.342421, 
which is the cube of 2. 

It will be observed that some modifications have been intro- 
duced into the process for the calculation of 2,, which is thus 
rendered strictly analogous to that usually employed for the 
extraction of the cube root. Thus, after completing the right- 
hand column by the addition of three ciphers,* we complete 
the second column by adding the square of the figure last 
found to the two rows of figures above, and then appending 
two ciphers; the left-hand column we complete by adding 
twice the figure last found, and append one cipher. The 
contraction is performed as usual, according to the ‘rules 
in (170). 

To find the roots 22, 73, we shall employ the second for- 
mula, thus, 


21 
— 4(.30489173 + +/.3351253) 
— 1.692021.. and —1.356896... 





* Or by bringing down three decimal figures, if there are any, to the right of the 
integer, as in the cube root operation. 
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Ex. 2. oe — 257 + 148 — 0. 


Here 25x4 = 33+, and —148x4 = —592; the square 
root of the first is —5-+, the cube root of the second is 
— 8+; there are therefore imaginary roots, and Cardan’s 
Formula could be employed to find 2. It is obvious, however, 
that the compact process above exemplified will give the root 
with much less numerical labor. ‘The leading figure of 2; 
must lie between — 5 and — 8; upon trial, it is found to be 
6, we then proceed as follows, first changing the sign of the 
final term, so as to make 2, positive : 











0 — 25 —148 [6.8312004 
Bl a8 oo 
6 11 | — 82000 
12 36. 78432 
180 8300 7 — 3568000 
8 1504 3429987 
188 9804 —138013 
16 64 114967 
2040 11387200 — 23046 
3 6129 22998 
2043 1148329 —48 
2 z at 
|20|49 meas —3 
20 
Gar 
11/4|9|9|1 














Changing the sign of the root thus found, we have 
2, = — 6.8312004. The imaginary roots, if desired, may be 
obtained by one of the formule above given. 
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Ex. 3. 473 — 4437 — 1396 — 0. 


Here we must divide the coefficients by 7 and proceed as in 


the previous examples; thus “a x = = 84+, and eae x 4 


= 797+ 3; as the square root of 84 and the cube root of 797 
both begin with 9, this must be the leading figure of 2. 


Ex. 4. 2 + 56% —181 — 0. 


Here we see at once that two roots are imaginary, but can 
apply the rules for limits given in (75, 76). By the latter 


= + 1 is a superior limit; the root proves to be 2.82... 


Ex. 5. 2 — 112? — 1022 —181 = 0. 
In order to make the second coefficient divisible by 3, we 
multiply the roots by 3 (59); we thus obtain, 
y> — 33y? — 918y — 4887 = 0. 
We proceed to diminish the roots by 11, and obtain, 
2 + 0 — 12812 — 17647 = 0. 
As 1/1281 x $ and »/17647 x 4 both begin with 40, we 


proceed to calculate z with 40 as leading figure and obtain 
41.3279469. For the remaining roots we have, 


52491 ) 


= — 20.6960396, —20.6319072. 
Adding 11 to each of these roots, and dividing by 3, we 
obtain the roots of the proposed equation, 
% = 17.4426489, x = —3.2106357, x = —3.2320182. 


EXERCISES. 
Solve the following equations : 
1 2&—37—1= 0. 4, 2 — 51x — 68 = 0. 
2. 2% — 6387 —9 = 0. 5. 8 —%e+5 = 0. 
3. 2 — 51x — 62 = 0; 6. 8—6r+3 = 0. 
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al. 
. @&— 17x — 23 = 0. 


Oi. 
58. 


ALGEBRAICAL 


vw — 37a¢ — 151 = 0. 
g — 97 +5 = 0. 

vs — 8a — 150 = 0. 
8 — 8% +12 = 0. 


. 8 — 487 4582 -—.0. 


xv — 88% — 251 =—_0. 


. @— 8e+ 35 = 0. 


2 — 9382 — 15 = 0. 


. @—d6724+7=— 0. 


78 — 292% + 54 = 0. 
x — 252 — 148 — 0. 
8 — 3lez + 45 = 0. 
BK Ls — 2-10. 

gg —107 — 138° =— 0. 
gs — Y1ea— 85 = 0. 


8 — 23% + 35 — 0. 
a — (57 — 8 = 0: 


ee — 4337, — 6 i= 0. 
NSS 2 OS %— Dee 


x — 88a — 251 = 0. 
v8 — d7x% — 1205 = 0. 


EQUATIONS. 


29. 2 — 65u + 987 = 0. 
30. 23 — 108% — 431 = 0. 
31. a3 — 138227 — 443 = 0. 


» £8 — 202? + 27a — 58 = 0. 


ve — 592" + 113527 — 7137 = 


a + 2622 + 262e + 808 = 0. 


8 1a S17 Se 
. g — 17x + 342 = 0. 


xv — 14927 — 530 = 0. 


. w — 18427 — 269 = 0. 
. @& — 4562 + 789 = 0. 
. 2&8 — 132 — 268 — 0. 

. 2 — 3452 — 678 — 0. 
~ w — 234¢ — 567 = 0. 
. #&— 91a — 331 = 0. 

. 8 — 1232 + 649 = 0. 
. B® — 1232 — 456 — 0. 
. ®@ — 678c — 901 = 0. 


2 — 567% — 890 = 0. 


. a — 2342 — 3634 = 0. 


xz’ — 368% + 6531 = 0. 


. @— 54%a — 4924 — 0. 
. & — 8907 — 423 = 0. 
49, 
50. 


8 — 4967 — Sale 
a — 482¢ + 3557 = 0. 


a — 4922 + 658a — 1379 = 0. 


5. 403 — 1802? + 1896~7 — 457 = 0. 
56. 


2798 + 27a? — 180z + 127% = 0. 

51208 + 1920? — 107282 + 9409 = 0. 

5a8 + 124.22? — 338.0652 — 18606.379 = 0, 
1228 — 1202? + 3262 — 127 = 0. 

Ag — 2402? + 39962 — 14937 = 0. 
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CHAPTER XII. 


SYMMETRICAL FUNCTIONS OF THE ROOTS. 


206. A symmetrical function of the roots of an equation 
is an expression in which the roots are similarly involved, so 
that the function is not altered if any of the roots be inter- 
changed. ‘Thus the coefficients of an equation are symmetrical 
functions of the roots, since (45) in the equation 


a + Coa + C,.2 0 on. Ca. Cy. =0 
Qa + +3 +.... hs 


Q Ag + M3 + A203 +--+ + AniMns 
Qy Az Az + Ay Ag Qy Foe es AeA Ms 


— Vn-l 
C, -2 


— UVn-3 


Hl Ul i 


and so on. These are symmetrical functions; since however 
we may interchange the roots, the function is not altered. 
We propose in the present chapter to show that by means of 
the above elementary functions, given by the coefficients of 
the equation, we can obtain any rational symmetrical function 
of the roots of an equation in terms of its coefficients. 


20%. A function, 
ay” + A” + Ah 4 ee An”, 
in which each term involves only one of the roots, is said to be 


of the first order. 
A function, 


Ay" Ae? + Ay" Ag” + Ah Az? +... An An? «5 


which contains every permutation of the roots taken two at a. 
time, with m as the exponent of the first and p of the second, 
is said to be of the second order, and is usually denoted by 
ZY a"az”, as being the sum of all the terms that can be formed 
like ay"a2?. 
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A function, 
Ay" Ag? Ast + GQ” AsP ag + A” As? AG +...05 


which contains every permutation of the roots taken three at 
a time, with m as the exponent of the first, » of the second, 
and g as the third, is said to be of the third order, and is 
denoted by La," az? a;%. — For functions of the fourth and 
higher orders symbols of similar form may be employed. 

The function of the first order, which is the sum of the m” 
powers of the roots, might in like manner be denoted by 
a”, but is usually denoted simply by S,,, as in the following 
proposition containing Newton’s Theorem for obtaining the 
functions of the first order. 


208. To express the sum of the m” powers of the roots in 
terms of the coefficients and inferior powers. 


Let a, d2, A3,.... a, Aenote the roots of the equation 


f(z) = @ + O27" + 0,29"? +... OF +O) ae 
also Si =a +a +a wle: eter te ote we ierate Ons 
ya? a eee it, 
Soe at as aa cl ie eee a 


By Art. 92 we have 
ai) — 104, 20.5 


z— Oh z— Ay Se pre 

Each of the divisions here indicated can be performed ex- 
actly by Art. 19, the quotient being the equation depressed by 
division by one of its binomial factors; thus we have, 


fe) = W414 (aq+C4)e? + (a? + Carat C.2)x"e+.... 
(ag? + Cy "+ Op gO” + . Cp) Bm 
7 (2). S Ut (2+ Ca)e? + (a? + Cia ait C.2)eF+.... 


aye (a,'" = C1 ag” a C2 tame i ae Cn) Cae ar ai 
MOPEeEO! 


with similar results for = : ; 
t—A, L—Ay 
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Hence, by the addition of these ~ quotients, we have 


fi(a) = nar *+ (Sy ANC a) a"? + (So+ ChaSi + nQy2)a" s+... 
“T (Sin Af C1 m-1 “te C,,-2 m-2 tyejers AOS Vine, 4 “9 


But, by Art..7, we have also, 


f(a) = nar + (n—1) CQ, 2"? + (n—2) C23 +.. 
te (n—m)C, n—-m © ym, 


Equating the coefficients of corresponding terms in these 
identical expressions, we have, 


8, + 2G,4 = (n—1)C.4, or & + Ga = 0. 

S. + CiSi+nG,2 = (n—2) C2, or 4+ C18 +2C.2 = 0. 
3 + Ca So + Ch» +2C,s = (n—3)C,3, or 

S83 + Ca Bah C2 poets = =" (). ‘ 


S, an oe ie ce et PGMS en Og = — GaN. n-my OF 
fe 4 fs Ce ibant ne C2 m2 al Cae oS +m Ce a 


This last formula gives S,,, the sum of the m” powers of 
the roots, in terms of the coefficients and inferior powers of 
the roots. Thus having S,, we can find S,, and then S;, and 
so on, till we reach S,,, where m is less than 1. © 

The process may be extended so as to obtain S,,, where m 
is not less than », as follows : 


Multiplying the given equation by 2”, we have 
Peet te Oye tt i. Che = 0. 


In this substituting in succession a), @2, Q3,....@,, for 2, 
and adding the results, we obtain 


Sin an Ch-1 Sina + C,-2 m=-2 ie AO Ch ees 
Hence, making m = n, n+ 1, n 4+ 2, &e., in succession, 
we find, observing that Sy) = a,° + a9+....4,9 = n, 
Sh =" C1 Soa ors C,,-2 Sh-2 ae TARO nQ) — 0, 
Srat C1 Sh = C2 Sr Be sveqers C Si — 0, 


and so on till we obtain S,,, WAGE m may be of any magni- 
tude. 
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Ex. To find S;, the sum of the sixth powers of the roots of 
xv — 248 — ba? + Ya — 3 = 0. 


Here — C3; = 2, —Q@ =5, —Q = —%, —Q = 3. 

So — Co ee: 

S, = —¢6,8, —2G—4+4+10 = 14. 

8S; = —O8, —Q,8, — 3, 299% 10 soe le 

S, = —C0,8,;—CQ 8, —C, 8 —4Q = 34+ 70—144 12 = 102. 
S; = — 0,8,—C,83:—C, &,—C) S, = 204+ 85 — 98+ 6 = 197. 
Ss = — 0O;8;— C,Si— CS3— CoS2= 394 + 510-119 + 42 = 827. 


Thus the sum of the sixth powers of the roots is 827; the 
sums of higher powers can be found by continuing the process. 
To find the sums of the negative powers of the roots we put 


ss for zx, that is, transform the equation into the equation 


y 
involving the reciprocals of the roots (64), and apply the for- 
mule as above. 


209. A very convenient process for finding the sums of 
the powers of the roots may be deduced as follows: 


Since fi (%) = Az): + AO), + paz) + .... 


Z—A, C—q LA 


fi (%) _ x 4 z 


f(@) &@-4 ~ @—& te 


(9744-95 Cee 
—- n+ 8201+ 8, a74+ S,978 + 3... 


That is, if we multiply f,(z) by z, and divide by f(z) the 
coefficients of the quotient will be in their order 8), S,, S, 

..Sn- Thus, in the example of the preceding article, if we 
divide 42+ — 62° — 10a + Ta by at — 22 — 5a? + Tx — 3, 
we obtain in succession, as the coefficients of the quotient, 
4, 2, 14, 17, 102, &e. 














210. From the equations in (208), expressing the sums of 
the powers of the roots in terms of the coefficients, we can 
obtain expressions for the coefficients in terms of S{, S:, Ss, 
&e.; thus, 
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C1 = —_ Si, 
Cie = —}$(%+ C48), 
Cis = —4(83+ Gik+ C2 Si), 


ges 
Ge. = - 7 (Sr + OCS fr too + ee Cue: 


211. Any rational symmetrical function of the roots of an 
equation can be expressed in terms of the coefficients and 
functions of lower order. 


First, to find the value of 2 a;"a,”, the function of the sec- 
ond order. 
Since SE ay a” + a” + art... 
ap Gy? + ay? + ag? +P +.... 
by multiplication we obtain, 
Sn Sp = Gt? + art? 4+ amt? 4 gr 4+... 
+ Ay” Az? + Ay" Az? + Ay" Ay? + AAs? +.... 


that is, 
as Sp — Sieve + 2a,” a2”, OY YA," a,? = fe Sp ei Saino [1]. 


Next, to find the value of Sa,"a,? a,%, the function of the 
third order, we multiply together the equations 


ZA" Aa? = Ay Ae? + A" a3? + A” a,” + AAs? +... 
ne = ‘a2 + at + as or Aan a a 


and obtain a result consisting of three partial products : 


(1) the sum of the products of the form 


| ata”. =- Sayta,?, 
(2) the sum of the products of the form 
ay? ay” = Dartras”, 
(3) the sum of the products of the form 
Ay" Az? as = TA" Ay? as; 
thus, 
Sy X TH" a? = Lay"*Tay? + TaHPtta™ + Tay" ay? asst. 


Substituting for Ya,"a,?, Ta"*a,”, and La,?t¢a,” their 
values obtained by formula [1], we have 


2 Ay" Az? af — Syn Sp Sq a ae Cate Sp ray ore Sa + Rint ag . [2]. 
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* 

By proceeding in a similar manner we can obtain formulz 
for functions of the fourth and higher orders expressed in 
terms of the sums of the powers of the roots; and as these 
(208) can be expressed by integral functions of the coefficients, 
any rational symmetrical function 2.0," 7.2 A,’ can be 
expressed by integral functions of the coefficients. 

These are called the elementary symmetrical functions ; 
and, as it is by the combination of these that every complex, 
rational, and symmetrical function is formed, it follows that 
the value of every rational symmetrical function of the roots 
can be expressed by the coefficients of the equation. 


212. The formule obtained above, where the exponents 
M, DP, q, &c., were assumed to be unequal, must be modified | 
if we suppose any of the exponents to be equal. Thus, if 
m = p in the formula 


2 ay” Az” — Sn Sp Poe Sips 


since then ad.” = a,” az”, the terms in 2 aya.” become equal, 
two and two, and Za,"a,? becomes 2(a, dq)”, therefore, in 
this case, 

Taj” ay” = 4(8,?2 — Sm). 


Similarly, if, in 2a," a,? a31, m = p, we have 
2 (a Az) gt oe 3 (Sar ah ay Som Dg ee Aas Sa = 2 Somtq) >; 
and if m= p=4@Q, 2a,"a,"a;" becomes 2°32(a,a2a3)™; OF 


=(H Qe a3)™ — + (Sa rad 3 Som Sa = 2 S3m)+ 


213. By means of the theory of symmetrical functions we 
are able to transform an equation into another the roots of 
which shall be given functions of those of the proposed equa- 
tion. ‘The following transformation, having, at one time, been 
proposed as a mean of separating the roots of an equation, is 
of some interest. 


214. To transform an equation into another whose roots 
are the squares of the differences of the roots of the proposed 
equation. 
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Let a, Q2, a3,....@,, be the roots of the proposed equa- 
tion, then the roots of the required transformed equation 
will be 
| (a; — a2)", (a —az)*,.....- (a2 — as)*, &e. 


and will be in number $”(n—1), the possible number of dif- 
ferent combinations of 2 things taken two at a time. The 
degree of the transformed equation will therefore be $7 (n—1) 
= Mm suppose. 


Let y+ ny + gyn? +. dm = 9 
be the transformed equation, and s,, &,....s, denote the 
sums of the first, second,.... 7” powers of its roots) When 
we have determined the values of these sums of the powers 
we can obtain the coefficients, since (210) 4 = —%, 
92 = —4(&+%U5), &e.; it remains therefore to find a gen- 
eral expression for any sum as §,. 

Let S,, S,..-..S,, denote, as before, the sums of the 
powers of the roots of the proposed equation, then 


(@ — a)” + (x — ay)” + (@— a3)” +.... (@ —,)” 
— na — Spar + ies alse a8 iS 

In the first member of th ae equation, when we put a 
for z, we obtain the sum of the 7” powers of the squares of the 
differences in which a, comes first; when we put a, for z, we 
obtain the sum of the 7” powers of the squares of the differ- 
ences in which a, comes first, and so on; if therefore we 
put a, a, a3,....@,, in succession for z, and add all the 
results, we obtain 


AUS —1) 


— == 11 /So- — ars, Sopa 4. Ss Sues ~~ 2 63 8 11So,.« 





The terms to the right hand that are equidistant from the 
beginning and end are equal; collecting and dividing by 2, 
we have 


= N82, — 2rh; pas = 


- nee 


Me ee 


2r(2r—1).. 4 +1) 92 
= Ta ae me 
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To obtain the required transformation, we accordingly first 
find S,, 8, S83,.... by (208) from the coefficients of the 
proposed equation; we then, by means of the formula just 
given, find in succession 5, S.,.... 8,3 and, finally, by means 
of the formulas ¢, = — 5, g = — ¥(S%+%5)), &c., obtain 
the coefficients of the required equation. 

The impracticable nature of a method of analysis requiring, 
as a mere preliminary to the separation of the roots of an 
equation of the sixth degree, the calculation of fifteen coeffi- 
cients through these three stages, is self-evident. 


215. The theory of symmetrical functions may also be 
applied to the elimination of one of the unknown quantities 
between two simultaneous equations. See Art. 227. 


216. The sums of the powers of the roots may be advan- 
tageously employed in certain cases to obtain an approximation 
to the roots of an equation. * 

Let a, a, a3,.... denote the roots of an equation in de- 
scending order of magnitude, then we have 


1 
Smt |. Oa ch anes aetna 


Oe) 9) (a ee a 
a,\"" ae 
14+(2) a AT Be 
Ay m As 17 
1+ (2) 
Q 


m+1 ™m 
Now the fractions (2) ; (3) , &c., may be made as 
1 


aa 
small as we like by taking m large enough. 





== Qy 


~™*! ig therefore 


an approximation to the greatest real root #,, provided that 
it be greater than the modulus of any imaginary pair, the 
approximation becoming closer as m increases. 


21%. But if there be a pair of imaginary roots whose 
modulus is greater than the greatest real root, we cannot ob- 


* This was first suggested by Newton, and was further developed by Lagrange. 
The subject will be found very fully treated in Murphy’s Equations. 
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tain an approximation to that root as above. For (Trig.) these 
imaginary roots may be put under the form (cos 6 + sin 6/-1), 
where p is the modulus; then 


ioe ae 2 cos (m+1)0+ (ras (2\hce 








= ps ——__ p a bans. 48 
Bm 2 cos m@ + (=) + (2) 
yp ye 
_ cos (m-+1)0 


Smti-- Sm therefore approximates to p » which 





cos m6 
may have any value. 


218. Again, if the two greatest roots, a, ad, are real, 


as" ag” 
Sin <n oo ae (1 Pa - cee 3) K 
(a" + a2”) ({1 + Gb ag 5 a” + ay a > 


if a and a, are imaginary, then 


s. = fone (2's (4)'4]. 


In either case, therefore, we have 








S, =a” +a”, nearly, when m is taken large enough. 
Sint == at! + a”, nearly, 
Snig= ant? + ag*, nearly, 


each equation being more nearly true than the preceding one ; 


Sin Sint2 aa Date — (a, ay)” (@—a2)* = Un 9 
Sint Sini3 er Sint2” = (a faye (@,—@2)° = Um+1 3 
Um 


= 4, approximatively. 





Um+1 


That is, if from every three terms of the series S,, S, S;, &c., 
another series 2 w,, be formed by subtracting the square of the 
means from the product of the extremes, the quotients ob- 
tained by dividing each term of this new series by the term 
that precedes it, approximate more and more nearly to the 
product of the two greatest roots. If the two greatest roots 
are real, then the greater being known by (216), the second 
becomes known by this process. If they are imaginary, we 
can proceed to find their sum as follows. 
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219. As in the preceding case, we can find from the values 
of. Sw Saris Saas MeCs athat 


Sas Sin+3 as Dan Sint2 = ay" ay!" (a am 2) (a re G2)" nearly, = Un Say. 


Dividing this by w,,, we obtain a + a nearly; that is, if 
from every four terms of the series S,, S2., 83,.... another 
series 2 v,, be formed by subtracting the product of the means 
from the product of the extremes, then the quotients obtained 
by dividing each term of this series by the corresponding term 
of the series 2 ~#,, approach more and more nearly to the sum 
of the two greatest roots. 

The sum and the product of two imaginary roots having 
been found in this way, each can then be determined by a 
quadratic. | 


Ex. tS 8 A ea a 
zrS,=1,—7,—14, 29, 96, —34,—503,—34%, 2083, 3838,—6159. 


SU, = —63, —399, — 2185, —10202,—49444, 241211,1168158. 
E Up = —69,— 266, —2308,—11323, 50414, 245363,—1207713. 


The first series being divergent shows that the roots 
@, @ are imaginary. From the second series we obtain 


0) = 1168156 — 4.84; from the second and third we 
241211 
1207713 
have’ @q-+@® = 1168158 = 1.03; the roots a,, da: are, 


therefore, (1.03 + 4.3-/—1). 


For the purpose of calculating real roots this method is 
obviously too laborious if we aim at accuracy to several places 
of decimals; but in some cases this appears to be the most 
convenient process yet proposed for approximating to the real 
and imaginary parts of impossible roots. 


220. If an equation of any degree has only two imaginary 
roots, they can easily be determined, if required, in the follow- 
ing manner, which may be advantageously employed to deter- 
mine the remaining roots of any equation when all but two 
have been calculated. 

Let «, and «,, denote respectively the sum and product of 
the ascertained values of all the roots but two, and 4 and & 
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the sum and product of the remaining two; then (45) 
t= —(Ciit), and f& = (—1)"Q-+x,,; the two roots, there- 
fore, can be obtained from the formula, «= 4(H4V ip 4a) 


Ex. 1. In the equation already given, 
wa—e+4et+tae—4=— 0, 


we see at once (189), since 1 — 4 x 2 is negative, that there 
are two imaginary roots, and the final sign being negative, the 
other two are real, one of each sign. By Horner’s Method 
the values of these roots, .892232.. and — .923262.., are 
calculated accurately to six places of decimals with less labor 
than is required to obtain the first series 2 S,,. The sum of 
these roots is —.03103, therefore 4, = 1.03103; the product 
of the above roots 1s —.823765 ; dividing the final term — 4 
by this, we obtaim 4, = 4.855762..; hence we obtain for the 
roots $(1.03103.. + 4.284857..4/—1). One advantage in 
obtaining the last two roots in this manner is that we are 
enabled to perform much of the calculation by logarithms. 





Ex. 2. In the equation, 
@ + 17324 + 23562° + 104682? — 14101e2 + 4183 = 0, 


there is a pair of imaginary roots. The sum of the real 
roots is found to be —157.438702.., hence 4 = (—1%3 
+ 157.438702) = —15.561297... The product of the real 
roots is —49.9555..; dividing — 4183 by this, we obtain 
to = 83.73454..; hence we find the roots to be —%.780648 


+ 4/—23.19607. 


221. If all the roots of an equation of the fourth degree 
are imaginary, we can always obtain their values by means of 
Descartes reducing cubic (129). If, then, an equation of any 
degree has only four imaginary roots, we can, after obtaining 
the real roots, depress it to a biquadratic, and then obtain the 
imaginary roots. Unless, therefore, an equation has as many 
as six Imaginary roots, we can depress the equation to one 
capable of algebraical solution, and thus obtain the values of 
the imaginary roots with comparative facility. But if an 
equation of the sixth degree, or one that has been depressed to 
that degree, has all its roots imaginary, the method of Art. 219 


166 ALGEBRAICAL EQUATIONS. 


appears to afford the readiest solution. We can first, by that 
method, find the two greatest of these roots; then, by taking 
the coefficients in reverse order, and repeating the process, we 
obtain the reciprocals of the two smallest roots; finally, having 
thus determined four roots, we can easily obtain the sum and 
product of the remaining pair, and thus determine them also. 


222. Theoretically the determination of the values of 
imaginary roots may be effected as follows. If in the proposed 
equation f(x) = 0, we substitute a + 6»/—1 for x, we ob- 
tain (26) a result of the form P + Q~W—1=0; hence we 
obtain two equations, P = 0, and Y = 0, each involving a 
and 3. As will be shown in the next chapter, we tan from 
these equations always determine the corresponding values of 
a and B. But, if f(x) be of the sixth degree, this method 
requires the formation and part solution of an auxiliary equa- 
tion of the fifteenth degree, while, if f(#) is of the eighth de- 
gree, the auxiliary equation rises to the 28th degree. 


EXERCISES. 


Find the values of S., S3,...S,, in the following equations : 


1, 2—52? + 64—1 = 0. 4, ¢— 38 —77+5=0, 
2. 2? + 12a. Bi 0, 5. 2+ 62% + 52°—7-+2 = 0. 
3. 2+-28—322—47+1—0. 6. 2 — 62? —10 = 0. 


Find the remaining two roots of the following equations, the 
sums «,, and products «,2, of the other roots being given : 


1. zat— 84+ 1l6v®—x4—2=—0; 

Kk, = 7.864328, x. = 13.41444, 
2. w+ 8a + 5la*? + 30% + 30 = 0; 

K, = —12.830412, x, = 5.142960. 
3. wv — 192? — 20a +5 = 0; 

K, = 1.173254, xo = 17.8350 
4, 2 — xt — 1128 — 32? + 232 413 = 0; 

kK, = 4.678823, x3 = —3.678823. 
5. @& — 3at — 1023 — 11a? + 121l¢4+ 70 = 0; 

| Kk, = 7.073375, Kz = —8.146750. 

6, @ — 1924 — 2203 + 842? + 1797 + 85 = 0; 

Kk, = 4.027525, «, = —20.3667285. 
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CHAPTER XIII. 


ELIMINATION. 


223. Two equations involving each two unknown quan- 
tities x and y may be denoted by F(z, y) = 0, and f(a, y) 
= 0; their solution consists in the determination of the sys- 
tems of values of z and y which cause both equations to 
vanish simultaneously. In certain cases the solution is readily 
effected. ‘Thus, if from one of the equations we are able to 
obtain an expression for the value of one of the unknown 
quantities, as z, in terms of the other y, by the substitution 
of this value for x in the other equation we obtain an equa- 
tion involving y only, the roots of which can be determined 
by methods already given, and these values of y substituted 
in the expression for z in terms of y, will give the corres- 
ponding values of 2. 


Ex. we — (y + 2)a* + (y? — 2y)x — 12 
x? — Yu + 2 


0, 
0. 


6 


From the second equation we obtain y = x This 
value of y substituted in the first equation gives us 
gt — 203 + 47° — 47a —8 — 0. 
Of this, one value is x = 2, and for this value of z, y = 3, 
which values cause both equations to vanish simultaneously. 


The other values of z, being determined, would in like manner 
give corresponding values of y. 


224. Also, if the first members of the equations can be 
readily resolved into factors, the solution of the equations may 
be made to depend upon that of equations of inferior degrees. 
If, for example, we find F(z, y) = UU'U" = 0, and f(z, y) 
= VV' = 0, then the systems of values that satisfy the pro- 
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posed equations may be obtained by solving the simultaneous 
equations U7 = 0 and V =);_U = 0 and V°=.0-40 6a 
and V = 0; U'=0 and Vv’ = 0; U>—-0 (ange 
Piel —a Wee shats hei AP (0) 
Let P(a, y) = wy — (y?—2y)2 + (y+ 2y)e — yt — 24? = 0, 
(my) = @ —(y+1)?—-—(2—y)244+2 = 0. 


These may be resolved as follows, 
P(x, y) = (# — ay + y") (zy —Y —2) = 0, 
S(@%Yy) = (@—ay—2)(e«+y—1) = 0. 
The systems of values that satisfy the proposed equations 
can therefore be obtained by solving the equations 


me a eae ai, 
v—ay—2=0), zx+ty—l1l=0 


Aha. aes ane a ot a 
“v—ay—2=0), c+y—1l=0). 


5] 


225. But if one of the factors of (2, y) is identical with 
one of the factors of f(a, y); if, for example, U and V are 
identical, then, obviously, any values of x and y that make 
U vanish will cause both the proposed equations to vanish 
simultaneously. If U involves both z and y, we can assign 
any value we please to one of these unknowns, and determine 
the corresponding value, or values, of the other that will cause 
U to vanish, and thus obtain as many solutions as we please. 
If U involves only one of the unknown quantities, we can 
satisfy the equations F(z, y) = 0, and f(a, y) = 0 by giving 
to that unknown quantity any value that causes U to vanish, 
and to the other any value we please. In order, therefore, that 
the proposed equations be determinate, that is, be satisfied 
by a limited number of corresponding values of 2 and y, they 
must not have a common divisor involving @ or y. 


226. To eliminate between two equations, each involving 
the same two unknown quantities, is to deduce an equation, 
involving only one of these unknown quantities, the solution 
of which will furnish all the values of that quantity, which, 
taken with the corresponding values of the other, satisfy the 
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proposed equations. The equation thus deduced is called the 
final equation, and its roots are called suitable values. 


22%. To eliminate one of the unknown quantities between 
two equations involving two unknown quanitties by means of 
symmetrical functions. . 


Let py” + pa + par? +.... 0, = YO, [1] 
Jot” + G2") + Goa"? +... Im = 0; [2] 


be the proposed equations, in which the coefficients , 7, 
Poy +++ Jos Ny Yay +--- are rational integral functions of y. 


Assume that we can solve equation [1] in respect to z, in 
terms of y, and that these values are a, 0, c, &c. By substi- 
tuting these values in equation [2], we obtain equations 
involving only y, namely: 


gga + gant + qa"? t+ .... Im = 0 
Yo bm ame iB + 2 Ose Hee In = 0 [3] 
qo cn -. vn cn — g2c" a5 ba een Ym — 0 


In general the solution of [1] cannot be effected; but by 
multiplying together all the above 7 equations, we obtain a 
final equation which has for roots all the suitable values of y. 
For this equation will vanish for any of the values of y that 
makes any of its factors vanish, and for no others; and any of 
these is a suitable value. For suppose the first of the equa- 
tions [3| vanishes for y = (@, and that when @ is put for y in 
the function a, the value is a; then t=a, y= 8 will 
satisfy the two proposed equations. Now in the final equa- 
tion, which is the product of all the equations [3], the factors 
only change places when we interchange any of the quantities 
a, b, c,...., thus the product is a symmetrical function of 
' these quantities, which may be expressed in terms of the 
coefficients Dos Pi, P2,---. of equation [1], and thus we can 
obtain the final equation in y which contains all the suitable 
values, and no other. 


228. Though the preceding method of elimination has the 
merit of furnishing a final equation with all the suitable values, 
8 
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and no others, the calculations required are so tedious that 
the method is not generally available. Upon it is based, how- 
ever, the following theorem : 


229. The degree of the final equation resulting from the 
elimination of one of the unknown quantities between two equa- 
tions of the m” and n“ degrees respectively, will not exceed mn. 


Let Dy" + yu") + pou" +.... Dn 0, 
qo am a dt gqan-l + Goa +. aie Ym 0, 


be the proposed equations in which the coefficients are func- 
tions of y. Here it is supposed that the sum of the exponents 
of « and y does not exceed m in any term of the first equa- 
tion, or m in the second, so that a coefficient p, or g, is a 
function of y not higher than the 7” degree. 

Suppose z to be eliminated by the Saeed of Art. 228 ; 
then the first member of the final equation in y consists of a 
series of terms, each of which is the product of factors, and 
is of the form g,a"”" x g,b""° x g,c"*X..... Since (227) the 
series of terms forms a symmetrical function of a, 0, ¢,...., 
the aggregate of the terms, with exponents as above, is, 


eds Gy 4 Oe Center tee 


Now the degree of y in 4,9,9;.--. 18 not higher than 
yt+s+t+...., and it will be shown that the degree of y 
in Tao" c™... cannot exceed m—r+m—s+m—t-.., 
so that the degree of the whole product is not greater than mn. 
For from the formule in Art. 208 we see that S,, for example, 
does not contain any power of y greater than y?; and from 
the formule in Art. 211 a function 2a’d*c'.... will contain 
powers and products of S,, S,-... Srizsu.., in each term 
the sum of the letters subscript to S being h+A4+/+..; the 
degree of y in the function La”-"b"*c"... cannot therefore 
exceed m+r+m—s+m—t+...3; hence no power of y in 
the final equation can be higher than y””. 


230. Although the degree of y in the final equation can- 
not exceed mn, it may in certain cases be less. By an exten- 
sion of the process to any number of equations we are led to 
the general theorem discovered by Bezout, namely : 
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~ If between any number of equations involving the same 
number of unknown quantities we eliminate all but one, the 
degree of the final equation will not exceed the product of 
- the degrees of the original equations. 


231. The elimination of one of the unknown quantities 
between two equations is most conveniently effected by the 
following method, based upon the operation for obtaining the 
greatest common measure of two algebraical quantities. 


To determine the systems of values that will satisfy two 
equations involving two unknown quantities. 


Let #'(a,y) =0 and f(z, y) = 0 be two equations, which 
we shall suppose have no common factor and thus admit of a 
limited number of solutions. Suppose that 7 =a and y= 8 
are values that satisfy these equations, then /’(a, y) = 0 and 
f(a, y) = 0 are both satisfied by y=. F(a, y) and f(a, y) 
must therefore have a common measure which, equated to zero, 
will have for a root a value of y which, conjointly with 2 = a, 
will satisfy the proposed equations. Having therefore arranged 
both equations according to descending powers of 2, we pro- 
ceed by the operation for the G. C. M. till we arrive at a 
remainder independent of 2, say ¢(y). 

Now if no factors, functions of y, have been introduced or 
suppressed in the operation, so as to avoid having y in a denom- 
inator, ¢(y) = 0 will comprise all the suitable values of y, and 
no others. For unless ¢(y) = 0, F(a, y), and f(a, y) have no 
common measure and therefore do not vanish simultaneously. 
But if it has been necessary to introduce factors, functions of 
y, then some of the roots of ¢(y) = 9 may not be suitable 
values, having been introduced with these factors; and if 
factors have been suppressed, there may be suitable values of 
y not found among the roots of ¢(y) = 0. 


232. A process by which the suitable values of y may be 
determined is furnished in the following method due to M. M. 
Labatie and Sarrus. 

Let 4 = 0 and B=0 be the two simultaneous equations, 
of which neither has a factor a function of y only, and B is 
not of higher dimensions in x than A. Let c denote the 
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factor by which A must be multiplied to make it divisible by 
B; let g be the quotient, and r& the remainder, where 7 is 
a function of y only. Let ¢, denote the factor by which B 
must be multiplied to make it divisible by R, let q be the 
quotient, and 7, 2, the remainder, where 7, is a function of y 
only. Suppose that, proceeding in this way, at the third di- 
vision we arrive at a remainder 7, independent of z ‘Thus 
we have the identities, 


4B — ak +7,h,, 
oR = g2Ry+ 196 


Let d-be the G. C. M. of ¢ and 7, d, the G. C. M. of 


CC CC, C2 
Dp and N15 ds the G. C. M. of dd 
to show that the solution of the equations A=0, B=0, 


will be obtained by solving the equations : 


epee EL 1 
ee ae 1, a [2]. 
B iAP te =O 0 we 


I. All the solutions obtained from this system of equations 
satisfy the equations A=0, B= 0. 


Dividing both members of the first identity [1] by d, we 
have 


cA mt t)P Poe ep Jit 
[1]. 





and 7,. We have now 


CW gees Be 
q4 = Te = qi [3]. 
Since d is the G. C. M. of ¢ and 7, S and — — are integral. 


q 
d 
by hypothesis, 6 has no factor which is a function of y only, 


therefore d must divide g. 
From BP] we see that the values of ~ and y that catisfy Be 


functions of y, therefore also =# is an integral fanceeen but, 


plea = = 0 and B=0 make <A also vanish ; but = 


and 5 have no common factor, therefore these values make A 


yanish. Hence all the solutions of 3 = 0 and B = 0, satisfy 
AS URE 
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Again multiplying both members of the identity [3] by a, 
and substituting for ¢,6 its equivalent from the second iden- 
tity in [1], we have 
CO rom Cle tn Gt 

Eee 





R + fn Ri. 


ar res 
I von is integral, since 7 and q are 


The expression 
divisible by d; the expression is also divisible by d,, for d, 


divides — and 7;, and does not divide R. Divide by ad, 
ar+qn 








then putting VW for T and M, for » we have 
d dd, 
CC we YY 
qa4 = Mh + TUR. [4]. 
Multiplying both members of the second identity [1] by - 
we have OC yk. 691 
| qe ak t gn ks 
Since d, divides “A and 7,, it will divide “ER; but R 


Cn 


is not divisible by d,, Dearie or must be so. Dividing by 


d, and putting W for - and JV, for aie we have 


CC, hi as 
dae = MR + GNA. [5]. 
The identities [4] and [5] show aes all the values of 2 and 


‘1 
y that make a and # vanish make 7 qa ™ and a vanish, 


but =" and have no common factor ; ; therefore all the 


dd, Zi 
solutions of the equations 3 = = 0 and & = 0 satisfy the 
1 
equations A=0, B= 0. 
In the same way, if we multiply both members of the iden- 
ties [4] and [5] by c, and substitute for c,R its equivalent 
from the third identity [1], we obtain 





GO Ca eats rs 
dd, oe a M, ky mS ag ? [6]. 
es Pee ty: [7]. 


ad ad, dl, dy 


174 ALGEBRAICAL EQUATIONS. 


where M, and JN, are integral functions of and y. From 
these identities we see that all the solutions of the equations 
12 fox 


7 Rea 0 and &, = 0, satisfy the equations 4 = 0, B= 0. 


Il. All the values of x and y that satisfy the equations 
A=0, B=0 are included among the solutions obtained 
Jrom the systems of equations [2]. 


The identity [3] may be written 
r 
NA — MB = qe: [8]. 
Multiply [4] by B, [5] by A, and subtract, then 
(M,B — N,A)R + (MB — WA)7 0 
1 
therefore, by [8], 


(MU, B — N,A)R — <2 RR, = 0, 
dd 
therefore MB—NA = —!R,. [9]. 
dd, 


In the same way, from [6] and [7], we may deduce 





This last identity shows that all the values of 2 and y that 
make A and B vanish make —!”? vanish. Hence the 
dd, dz 
equations 
LAU EE Nea 8 J Ee. 
Tiga dees: ies 


supply all the suitable values of y. 

Suppose that «= a, y = BG are values that satisfy the equa- 
tions A — 0, 6 — 0, then 

(1). If @ is a root of the equation = 
z2—=a, y= evidently satisfy the equations + = 0 and 
beh 

(2). If B is not a root of T= 0, but is of i= 0, then, 


since 5 does not vanish when y = 8, it follows from [8] that 


= 0, then the values 
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the values 2 =a, y=, make F# vanish; thus they satisfy 
7 —(0 and R=0. 


1 
(3). If 6 is not a root of the equation = 0, nor of 7 Ug 
* 1 
but is of the equation 7 = 0, then, since mei does not 


2 1 
vanish when y = 8, it follows from [9] that the values z = a, 





= 6B make f vanish; thus they satisfy the equations = =O) 
a R, pone hy ; 
The equation ae aa = 0, which furnishes all the suitable 


values of y, may be called the jinal equation in y. 


233. If, instead of a final remainder in y, we arrive at a 
remainder zero, this shows that A and B have the preceding 
remainder, say f,, as a common factor. Then, as we saw in 
Art. 225, the equations A =0 and B= 0 will be satisfied 
by an unlimited number of values of z and y derived from 
the equation Rk, = 0. By dividing by this common measure, 


we obtain fs and =2d) which have no common factor, then ae = ( 
dee hy, hy 


and as = 0 will be satisfied for a limited number of values 
1 


of « and y, which may be found as above. 


If the final remainder is a mere number, say 7, then the 
equation 7 = 0 being absurd shows that the proposed equa- 
tions are incompatible with each other. 


Ex. 1. 2° + 3y2274+ B8Y—yt+l1)jre+ P—Y+22y= 0. 
e+ Q2y7+ 7—y cm Us 


Here the first remainder is x + 2y, so that 7 = 1; the 
second remainder is y? — y, Mee is independent of z. All 


the solutions are furnished by 4 = 0 and Rk = 0, that is, by 
the equations y? — y = 0, and z+ ry = 0. 
Ex. 2. 2 + 2ya? + 2y(y—2)@a + yr —4 = 0. 
w+ 2yx + 2 —5yY+2=—0. 
The first remainder is (y—2)(#+y+2) 3 so that r = y—2, 
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R=a+y+2; the second remainder is y? — 5y + 6, which 
is independent of z. All the solutions are furnished by 7 ear 
and B = 0, that is, by the equations y—2 = 0 and 2 4 2ay 
4 24? — By + 2 = 0; and by 2 —0 and R = 0, that is, 
1 
by #2 —dy+6=0 and «+y+2=0. The final equa- 
tion in y is (y — 2) (y? —5y + 6) = 0. . 
Ex. 3. 84+ 3y22—322 + 3y°x—byr—c—y—3y2—y +8 =P i 
B— d3yv? + 32+ 3y2—byx—z—y>+ 3y*+y—3 = 0. 
The first remainder is 2(y— 1) (382? + y? —2y—3); the 
second remainder is 8(y?— 2y)z; the third, which is inde- 
pendent of 2, is y7—2y—3. The solutions are furnished 
by the systems of equations, 


y—1=0 and 8—3ya*+ 32° + 3y'x—byxz—a7—4 + 3Yy? + y—3 = 0; 

y? — 2y = 0 and 32°+4 y— 24y—3=0; 

y? — 2y—3 = 0 anda: ==) 0; 
The final equation in y is (y—1)(y’-—2y) (y¥y—2y—3) = 0. 
Ex. 4. ye — (y— 38y—l)t +y = 0. 

e— y+ 3 agils 
The first remainder is x + y; the second is 3; the proposed 
equations are therefore incompatible. 


EXERCISES. 
Solve the following equations : 
1, a — 2 4+ (24? — 34) — 2y? + 384 = 0 
2 — (y+ Ve —2y2 + 4y = 0 
2. (y—-)et+ye+y—r2 =—0 
(y—l)e +y = 0 
3. a + (8y—13)2 + Y — ty +12 = 0 
a—(4y+ l)he+ y+ 5y = 0 
4, We ee ae a 
(y—l1)e+yyt+ilje + 3v—1= 0 
5. Seige 3. "Patent 
yo — du + 4y = 0 
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eC eaten ey hyn (ead, (3) == 2095 
Sm) elo, f(b 26,” 6 (2) = 9 5465 6 (3) =. 7416. 
3. f(0) =—16, f(1) =—51, (2) =—268, f (8) =— 511. 
4,f(0)= 4,f(0)=— % f(2) =—528, f(3) =—7331. 
5. f.(v) = n(n—1)....(n—7+1)C, 2" + (n—1) (n—2).... 


ao P ww ke 


SOL = oat bo 


Pe earners ere Okt) 
(n—T) Ln 


Pace 15. 
4S Jay ee 184. 4, f(—2) = 1449. 
. f(4) = — 198. 5. f(11) = 85814289. 
. f(5) = —1646. 
Pace 2%, 
. f() = (@—8) (e—3) (@—2)(@ +1). 
. f(x) = («— 8) (e«—5) (© + 4)(@ +2) (e+ 1). 
f(a) — 2 — 938z + 308 = 0. 
. f(a) = ve — 1228 + 492? — 78e + 40 = 0. 
. f(a) = a + 408 — 792% — 106% + S40s ==" 0; 
. f(a) = B — at + 220a8 — 8322? + 14804 — 1600 = 0. 


Pace 28. 
ees Ore cit at, bes 
goa — A il, (5028). 
2=4(7+V—11), (5+ V%). 
x = 4(1—VvV—3), —t(+ V—14). 
ea AAS Ye eae, 6 
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Lae bib eee 
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Pace So. 
a = 3. | 4. 2 = 2 5. 
Wp mt TY Sie a ae 
a — 4. 

Pace 3%. 


Oo—Yet+3x+5=—0.. 5 yP+ 76+ x y—2 = 0. 
+ Yor —x2—2 = 0. 6. 9x%—a9—a'—6a5+1 = 0. 
Ty + 3y%—5y2@—% = 0. % (1—2z)(1+2)§ = 0. 
ay? + 3y7 +3 = 0. 


Pace 39. 


ys — 34? — 55y — 500 = 0. 
ys — 5442 + 1470 = 0. 

ys — 235%? + 367000y — 745000 = 0. 
yt + 262572 — 1543507 + 22509375 = 0. 


Pace 41, 
The roots occur in pairs differmg only in sign, thus 
f(—) = 0 is identical with f(z) = 0. 
Pace 42, 
11y? — 2072 + By —3 = 0. 
15yt + 7248 + 544° —7 = 0. 
23y5 — Tyt — 32y8 + l7y —1 = 0. 
PacE 44, 


wv — 14526 — 2224 — 1562? + 25 = 0. 
2508 — 170z* + 479a* — 11752? + 361 = 0. 


3. x — 549° + 65725 — 615624 + 57962? + 625 = 0. 


Sek Cth pe 


Pace 4'%, 
yt + By? — 2? + 81%y + 4050 = 0. 
yt + S4y3 + 33242 + 573y + 327 = 0. 
Ly! + 14%8 + 708y? + 1480y + 1191 = 0. 
3y5 + 47y4 + 318y8 + 10682 + 1780y + 1043 = 0. 
8y5 — 200yt + 2000y8 — 9922y? + 24113y — 23055 = 0. 


aad 


iE 
me 
3. 
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Pace 48. 
y> — 33y — 71 = 0. 
ys — 2%5y — 1692 = 0. 
ys + 186y + 1807 = 0. 


» yf —174y — 1261ly — 2549 = 0. 
. oy — 2b6y? — 6616y + 6045 = 0. 
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. Superior limit.2, inferior limit — 15. 
. Superior limit 4, inferior limit — 6. 


Superior limit 5, no negative root. 
Superior limit 4, inferior limit — 5. 
Pace 64, 
fe ee es 27. ( 2 ni). =O, 
f(a) = (@—3(@+6) = 0. 
J (x) = («#— 5)? (a + 10% + 3) = 0. 
f(a) = @—F'Q2X—e¢—1) = 0. 
F(x) = (@— 2a — 1)? (x4 + 5) = 0. 
f(@) = (+ 3a + 1)?(2— 62 + 12) = 0. 


| Pace 67%. 
The reduced equations are : 
By? — ty + 25 = 0. 4, %2?—1ly—2=0. 
dy? + 8% — 66 = 0. 5. yr — 2y —1= 0. 
y? + 1l3y — 40 = 0. 


Pace '%4., 


Low= V5, —4(1 t+ V—3)V5. 


* 


2 r= th(V2+ V—2)V2 


3 2%, 4(V5—-14 V—10—2 5) V7, 





—4(V5 414 V—104 25) V/7. 
at A(t V8) ee eee (LV — 2) 
r= $(7¥5—14 V—10—2%75), 
BEL (A/6 eles Vee 4/5 
Multiply the roots in (5) by + V3. 
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Page 34. 


7. The roots are all the products, with changed signs, of 
the roots of z®—1—0 and 22 —1—= 0. 


8. Multiply the roots in (7) by — ¥/20. 
The depressed equations are : 


2 yi — Y— 3¥ 4+ 2y—1=0. 

3 pp — yt — 448 + 3yr + dy —1= 0. 

4,¢@a+A41=—0, | 
Pace 82. 

The real roots are: 

ta 48 ae 4, 7 — — .696549 75 

precy Hai ph eR BP ae iy hip eds 

3. @ = .896922... 6. 2 == — 2:8960202-. 

Pace 86. 


5h ee deta 

41 +V—, —$0 + V—8). 
2) Seen eerie 

4(7 + V37, $(5 + V1%). 

ro (3 + V69), —4(5 + V—3). 


Pace 95. . 
The depressed equations are : 


Ly patra + (2z + 23). 


ed ae ed ah! 
8 es ee 


Mee We Het Te 


Wee se i= ) 
1% 23 
72 a __ — REE Sy 
4, 2 10% + > — S555 
if 13 
a 3 ) 
Re Ad, (Soe eee 
Caer og + (52 31 
5 D 
if 8 = LO a + (220 + 2), 


8 a8 4 30% = + (40 +5). 


eh Ae Dal Doe in Ue! 


bt 


oe ae a ae es Se te 


re OCR Oo 
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Pace 105. 


[4, 5], two imaginary roots. 

[6, 7], two imaginary roots. 

(7, 8], two imaginary roots. 

[—.6, —.5], [—.5, —.4], [2, 3], [4, 5]. 
Roots all imaginary. 

[0, 1], four imaginary roots. 


Pace 125. 


.6458252, .6458290, —52.6458252, —100.6458290, 
~4142852, .4142843, —72.4142852, —142.4142843. 
7321401, .7321410, —114.7321401, —170.7321410. 
.8285606, .8285659, —74.8285606, —144.8285659. 
.4499705, .4499761, —84.4499705, —102.4499761. 
2360680, .2360663, —4.2360680, two imag. roots. 
.1414284, .1414246, —14.1414284, two imag. roots. 
.2396769, .2396118, —54.2396769, two imag. roots. 
A4Q2711, 4422496, —90,4422711, two imag. roots. 
.5612971, .5612977, —158,5612971, two imag. roots. 


ell eI Th At lb t tl II 


ey de ks ais © cr ie Met Mk ae 


Pace 146. 


2.618034, .381966, —4.561552, — .438447. 

5, 3.938004, — .123492, —3.804512. 

6.854102, .145898, — .298438, —6.701562. 
5.645751, 5.643651, .354249, —13.648651. 
17.440307, .732051, —2.732051, —3.440307. 

— .208712, —4.791288, two imag. roots. 
6.282681, 1.883579, two imag. roots. 

4.82843, 3.75877, —.69461, —.82843, —3.06418. 
100263, —2.41742, —14.58258, two imag. roots. 
5.656854, 5.656653, —5.656854, two imag. roots. 
4.132933, .162278, —6.162278, two imag. roots. 
68.63515, 4.68519, —2, —30.63519, —40.63515. 
3, 3, 4.073375, two Imaginary roots. 

2.87939, 2.87298, —.53209, —.65271, —4.87298. 
4.73265, 4.78205, 1.267949, —4.38548, —9.34717. 
= 12.328868, 12.328828, —12.328828, two imag. roots. 


I Il 


Beit ett slise tise tiie ete lin ll" 


se Rts Sot Peaks foley Sede Baek s. Ll Gone atin dg per a oe a Se 


x = 6.18658, 2.16601, 
— 4.6081. 


. £ = 10.09902, 3.67882, 2, —.90098, two imag. roots. 
. & = 3.80295, 3.80204, four imag. roots. 


. z— No real roots. 


ee Se ae TSE dS peated ted ee 
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Oonwmvestwonvnren or 


Seams es a oS Sok Ss Se SS & SS 8 8 8-8 S&§ FS SSS Seek Ss 


pam Hh Al AD St thal st thet edhe Il tl Wet ets 


9 
q 
3 
6 
4 
3. 
3 
8 
4 
3 
8 
6 


Pace 146. 


Pace 152. 


.879385, — 1.53209. * 
007741, — 7.864837. 
685514, — 6.431126. 


13265, — 6.347169. 


.166011, — 2.948828. 
.145102, — 2.669079. 
.549859, two imaginary roots. 


.669443, — 3.246542. 

.670143, — 7.639755. 

.297633, — 9.395601. 
17.414059, two imaginary roots. 
10.570921, — 7.332814. 

— 4.073375, two imaginary roots. 
723306, — 9.562042. 

420014, — 7.545049. 


.886699, — 6.146939. 
.8312004, two imaginary roots. 
.608100, — 6.186583. 

938004, — 3.804512. 
.678823, two imaginary roots. 


.970896, — 7.747852. 
.681165, — 3.09226. 
.668800, — 5.426743. 
713102, — 8.606420. 
.626123, — 6.486525. 
2). 
10.570917, — 7.332828. 
12.412788, two imaginary roots. 
— 12.105179, two imaginary roots. 


906962, — 9.356784. 


* The remaining root is easily found by subtraction. 


78281, —1.47848, —2.94883, 


30. 
31. 
an. 
33. 
34. 
35. 
36. 
37, 
38. 
39. 
4(), 
41. 
42. 
43. 
44, 
45, 
46. 
AT, 
48. 
49, 
50. 
51. 
52. 
53. 
54. 
dD. 
56. 
57. 
58. 
59. 
60. 


eS Hel ETSI E Heel eS Pees iaele ee PSs 1b ea 
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11.996912, — 6.231475. 
12.897578, — 9.139393. 

— 4.027525, two imaginary roots. 
11.976841, — 14.014402. 

13 .699870, — 9.719621. 
14.243786, — 12.764226. 
20.429925, — 22.171735. 
9.991179, two imaginary roots. 
19.488225, —17.500218. 
16.388155, — 13.902291. 
11.003675, two imaginary roots. 


—13.131062, two imaginary roots. 


12615331, — 8.215575. 
26.679053, — 25.346654. 
24.560824, — 22.984299. 
20.318709. two imaginary roots. 


—25.070094, two imaginary roots. 


27 .006096, — 13.558683. 
30.067726, — 29.592826. 
37.388585, two imaginary roots. 


—24.077597, two imaginary roots. 


18.7234001, two imaginary roots. 
25.190234, 18.470444. 

— §.312233, two imaginary roots. 
23 .2138112, 23.229537. 
28.521277, 16.231939. 

1.358688, 1.023562. 

3.837334, .931099. 

11.197334, two imaginary roots. 
.465661, two imaginary roots. 
33.521277, 21.231939. 
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The required sums of the roots are : 


Delaooe bi. 10, L180, 


4, 9, 48, 145, 483, 1740. 


183 


2. —24,—24, 288, 480,—3264. 5. —12, —15, 76, 140, —393. 


3. 10, —14, 46, —92, 256. 


6. 0, 18, 0, 50, 108. 
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Pace 166. 
The remaining roots of the proposed equations are: 


1. .438447, —.3027756 

2. 2.416199, 2.414214. 

3. .208712, — 1.381966. 

4, — 4(3.67882 + +/—.601169). 
5. —4(4.07388 + +/— 17.7715). 

6. —4(4.02753 + W— .662873). | 


Pace 1°75. 
The solutions are given by the equations : 


1. MS Se | een. ae 
ety — 7=0)"° & —R =i) 2a 


Pista} meee oP 
ey mT ce Oe eee re ad 


2. Yy? —2y = 0 and (y—l)ety=0. 
3 y¥ —1= 0 
a — (4y+1)e+ y+ by = 0 )’ 
Eo a 


me — (4y+1)e+ y+ sy= 0) 


4. Y%—1=0 and (y—1l)#4+%2=0. 


OU 


. 8y—10)7+ 7+ by = 0 
yt + 1248 + 87y? — 200y + 100 = 0 )- 


uA: 


; bah f 
aby | 
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